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The traditional micropumps faced limitations like high power consumption and high 
driving force in the attempt for implementation as remote environmental monitoring 
systems, implantable medical devices or chemical analysis systems. This project aimed 
to develop a product-oriented microfluidic device with the possible commercialization 
in mind and can be integrated into a lab-on-a-chip performing specific chemical 
analysis, clinical diagnostic and environmental morning. 
In this project, a novel microfluidic dispensing device based on electrowetting-
on-dielectric (EWOD) was proposed and implemented. The physics of this EWOD 
device was based on the fluid dynamics illustrated by Navier-Stokes equation. Its 
performance heavily depends on dielectric or insulation layer properties rather than 
that of fluid or electrode. Theoretically, there are no dielectric materials of both high 
dielectric strength and high dielectric constant, and compromise is often necessary to 
meet the practical requirements. The dielectric breakdown analysis demonstrated that 
35° of contact angle variation of Cytop™ could be achieved at as low as 65 V to 
actuate EWOD, which is reported to be the most suitable material for EWOD. Good 
reversibility of Cytop™ based on the contact angle measurement result indicated that 
EWOD performance can be greatly improved by incorporating it in the device. The 
results of contact angle measurement are in good agreement with the theoretical 
prediction by Young-Lippmann equation and the results from other researchers. 
The governing equation with respect to the redistribution of the surface charge 
density is presented to demonstrate the hydrodynamics of liquid-solid interfacial 
tension. Upon applying the voltage potentials, a free charge distribution is built-up at 
the liquid-solid interface to generate an electrostatic force to pull the liquid column
vi 
Summary 
forward. The interfacial charge density accounts for the generation of the non-uniform 
electric field and potential distribution. The surface charge and electric field 
distribution models were modeled and simulated using FlexPDE 5. 
Consequently, the electrostatic force resulted from the redistribution of the free 
surface charges induced by the non-uniform electrical field was modeled to show its 
dependence of the magnitude and direction on the electric field distribution as a 
geometrical function of the liquid. It can be decomposed into a horizontal component 
and a vertical component. The horizontal electrostatic force was independent of 
contact angle while the vertical component increased inversely with contact angle. It 
potentially provides a new contribution to explain contact angle saturation 
phenomenon. The obtained expression of horizontal force is identical to the results 
achieved by other researchers using different methods. 
Based on the above analysis, a new hydrodynamic mathematical model of the 
time-averaged liquid column velocity governed by the Navier-Stokes equation was 
developed, which agreed well with the experimental data. The electrostatic force, 
which affected the dependence factor f (cosθ), was considered as a function of the 
average flow rate. The conceptual design and working principle of the microfluidic 
dispenser were demonstrated and successfully verified by a proof-of-concept device. 
The proposed hydrophobicity-controlled microfluidic dispenser was fabricated using 
MEMS  technology and tested to evaluate its feasibility and applicability in 
environmental morning and biomedical systems. The fluid flow can be electrically 
actuated to propagate at a flow rate of 18 nl/min under a voltage of as low as 20 V. A 
proper device design significantly minimized the evaporation effect. It has an inbuilt 
metering feature to dispense a measured volume of liquid in the range of sub nano 
liters without a dedicated sensor. The low power consumption and the low voltage 
vii 
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made it very attractive for applications which required an ultra miniature metering 
microfluidic device. 
A PCT patent application with respect to this technology was filed and published 
on November 2, 2006 with an international publication no. WO 2006/115464 A1. 
viii 
LIST OF TABLES 
 
 
Table 1.1 Microfluidic devices in biological applications................................ 3 
 
Table 1.2 Forces and external fields utilized to manipulate microfluidic flows 
........................................................................................................... 4 
 
Table 1.3 Typical surface tension values of materials in air............................. 6 
 
Table 1.4 Dimensionless numbers for microfluidic analysis.......................... 11 
 
Table 1.5 Typical parameters of EHD micropumps ....................................... 17 
 
Table 1.6 Comparisons of EHD, MHD and EO micropumps ........................ 20 
 
Table 2.1 Specifications and comparison of polymer materials for EWOD .. 43 
 
Table 2.2 Comparisons of inorganic insulators for EWOD ........................... 45 
 
Table 2.3 Progress of EWOD development.................................................... 47 
 
Table 2.4 The dielectric breakdown voltage at corresponding minimum 
thickness for typical dielectrics....................................................... 50 
 
Table 5.1 The Comparisons between the presented dispensing device and 






LIST OF FIGURES 
 
 
Figure 1.1 Diagram of attractive forces on liquid molecules ............................ 6 
 
Figure 1.2 Force equilibrium at the contact line of sessile drop ....................... 7 
 
Figure 1.3 The schematic of two principle radii of a liquid droplet surface ..... 8 
 
Figure 1.4 Microscale comparison of surface tension and gravity acting on a 
spherical water droplet ................................................................... 13 
 
Figure 1.5 Micropump categories .................................................................... 15 
 
Figure 1.6 Principles of EHD pumps ............................................................... 16 
 
Figure 1.7 The actuation principle of MHD pump driven by Lorentz force ... 18 
 
Figure 1.8 Electrochemistry of electrical double layer at the solid-liquid 
interface and electroosmotic principle ........................................... 19 
 
Figure 1.9 Schematic of Lippmann aparatus for electrocapillary experiment . 21 
 
Figure 1.10 CEW effect demonstration by G. Beni et al. .................................. 21 
 
Figure 1.11 CEW effect depicted by C. J. Kim et al.......................................... 22 
 
Figure 1.12 Cosine of the receding and advancing contact angle of liquid drops 
on a PET film as a function of applied voltages ............................. 24 
 
Figure 1.13 Schematic of an electrowetting-on-dielectric experiment .............. 25 
 
Figure 1.14 Charge seperation between the conductive liquid and electrode  due 
to the employment of an insulator .................................................. 26 
 
Figure 1.15 A digital microfluidic lab-on-a-chip ............................................... 29 
 
Figure 1.16 Cosine of contact angle as a function of applied voltage on a PTFE 
film of 50 μm thick ........................................................................ 31 
 
Figure 1.17 The schematic of a miniaturized chemical analysis system for the 
detection of ammonia ..................................................................... 34 
 
Figure 2.1 Improved Pellat's experiment for demonstration of electrically 
induced capillary rise ...................................................................... 39 
 
Figure 2.2 The thickness effect of dielectrics on contact angle change as a 
function of applied potential ........................................................... 44
x 
  List of Figures 
Figure 2.3 Contact angle change as a function of applied voltage for BST (BST 
(700å, ■), SiO2 (1000å, •) and Teflon® AF (1200å, ○)................. 45 
 
Figure 2.4 Electrowetting voltage to obtain a specific contact angle change (Δθ) 
and dielectric breakdown voltage as function of dielectric layer 
thickness ......................................................................................... 49 
 
Figure 2.5 Electrowetting voltage required to achieve a specific contact angle 
change (Δθ), breakdown voltage for the same dielectric layer as 
function of thickness for different dielectrics ................................ 52 
 
Figure 2.6 Breakdown voltage of surrounding medium as a function of ratio   
of d/ε of insulator for some values of d .......................................... 54 
 
Figure 2.7 The experimental setup for contact angle measurement of       
EWOD............................................................................................. 57 
 
Figure 2.8 Contact angle of dielectrics with and without applied voltages ..... 58 
 
Figure 2.9 Contact angle as a function of applied voltage using water with the 
dielectrics of Cytop™, parylene C, SAMs and PDMS .................... 59 
 
Figure 2.10 EWOD dependence on polarity with Cytop™ and parylene C    
using water and saturated NaCl ...................................................... 60 
 
Figure 2.11 The voltage required to generate a contact angle variation as a 
function of the dielectric thickness ................................................ 61 
 
Figure 2.12 The reversibility of contact angle of Cytop™ film with a contact 
angle hysteresis of 3.2°-4° .............................................................. 63 
  
Figure 2.13 Experimental images of the reversible contact angle of water droplet 
on top of Cytop™............................................................................ 63 
 
Figure 3.1 The schematics of the analysis procedure of a flow injection 
analysis ........................................................................................... 65 
 
Figure 3.2 The schematic of cross-section view of dispenser .......................... 67 
 
Figure 3.3 Dispensing sequences ..................................................................... 68 
 
Figure 3.4 The electric potential and magnitude of electric field distribution in 
the absence of liquid ...................................................................... 71 
 
Figure 3.5 The electric potential and magnitude of electric field distribution 
with liquid under 20 V .................................................................... 73 
 
Figure 3.6 The electric potential and magnitude of electric field distribution of 
surface charges under 20 V............................................................. 74 
 
xi 
  List of Figures 
Figure 3.7 Charge distribution upon potential and electrostatic force  
                              pulling on the meniscus ................................................................. 75 
 
Figure 3.8 Edge contribution to the electrostatic field .................................... 76 
 
Figure 3.9 The three phase contact line equilibrium in the presence of electric 
charges, which was presented by Digilov ...................................... 78 
 
Figure 3.10 Geometry used to calculate the force of electrical origin per unit 
length of the contact line of a conducting liquid adjacent to a coated 
electrode ......................................................................................... 80 
 
Figure 3.11 The modified Pellat appratus illustrates the EWOD configuration 81 
 
Figure 3.12 The free charges uniformly distribute in the liquid which stops at 
the interface of hydrophobic dielectric layer .................................. 83 
 
Figure 3.13 Plot of the simulated  x-directional velocity of the liquid column as 
a function of time ........................................................................... 92 
 
Figure 3.14 Plot of the simulated principle radius of liquid meniscus as a 
function of time............................................................................... 93 
 
Figure 3.15 Plot of the simulated time-averaged flow rate of the liquid column 
as a function of time........................................................................ 93 
 
Figure 3.16 Plot of the simulated time-averaged flow rate of the liquid column 
as a function of applied voltage. ..................................................... 94 
 
Figure 3.17 Plot of the simulated time-averaged x-directional velocity of the 
liquid column as a function of the dependence factor f. ................. 95 
 
Figure 3.18 The snapshots of dispensing sequences of proof-of-concept device.
......................................................................................................... 96 
 
Figure 4.1 SEM photo of Cytop-coated electrodes ........................................ 100 
 
Figure 4.2 Experimental set-up for device bonding ....................................... 102 
 
Figure 4.3 The completed hydrophobicity-controlled microfluidic dispenser103 
 
Figure 4.4 PDMS bonding with several different substrates ......................... 106 
 
Figure 4.5 The tensile strength test set up ..................................................... 107 
 
Figure 4.6 The bonding strength of glass-PDMS .......................................... 107 
 
Figure 4.7 The interface between the glue and the holder peeled off before 
obtaining the bonding strength of polished/unpolished silicon-
PDMS ........................................................................................... 108 
xii 
  List of Figures 
Figure 4.8 The bond interface of silicon-PDMS remained ........................... 108 
 
Figure 4.9 The leakage testing setup ............................................................. 109 
 
Figure 5.1 The photography of the experimental setup.................................. 112 
 
Figure 5.2 Diagram of the experimental setup ............................................... 113 
 
Figure 5.3 The main functional area of the completed device inspected under 
microscope .................................................................................... 115 
 
Figure 5.4 The wetting characteristics along the fluid path ........................... 116 
 
Figure 5.5 The detailed motion of the EWOD actuated liquid column ......... 117 
 
Figure 5.6 Plot of the time-averaged flow rate of liquid column of applied 
voltage........................................................................................... 119 
 
Figure 5.7 The equivalent electric circuit of the system model ..................... 121 
 
Figure 5.8 Evaporation as a function of time for water droplet ..................... 125 
 
Figure 5.9 The dielectric degradation effect .................................................. 127 
 
Figure 5.10 The patterning process of Cytop layer .......................................... 129 
 
Figure 5.11 The snap shots of the liquid motion (from left to right) using the 










γ - surface tension  
γlv, γsl and γsv - surface tension at liquid-vapor, solid-liquid and solid-vapor  
   interface 
 
γslel, γslch - electrical and chemical component of γsl
 
θ - contact angle 
 
θ0 - contact angle without applying voltage 
 
Δθ - contact angle variation 
 
pΔ  - the pressure difference across the interface  
1R ,  - the two principle radii of curvature of sessile drop  2R
R - droplet radius 
Ra - the surface roughness of substrate 
Re - Reynolds number 
Ca - Capillary number 
Bo - Bond number 
We - Weber number 
ρ - fluid density 
v - fluid mean velocity 
μ - dynamic fluid viscosity 
L - characteristic length of fluid field 
Dh - hydraulic diameter 
xiv 
Nomenclature 
g - acceleration due to gravity 
C - capacitance of the solid-liquid interface 
d - thickness of dielectric layer 
dmin - minimum dielectric thickness 
dmax - maximum dielectric thickness under a constant voltage to   
     actuate electrowetting 
ε - dielectric constant of insulator 
ε0 - vacuum permittivity 
V - applied voltage 
Vbd - dielectric breakdown voltage 
Vew - voltage required to actuate electrowetting 
Eds - dielectric strength 
E - electrical field 
Esm - electrical field in surrounding medium 
Pm - the internal fluid pressure acting on the meniscus 
Pa - pressure from the surround medium (atmosphere pressure) 
f - contributions from material properties of substrate and fluid 
W - width of microchannel 
H - height of microchannel 
S - the average displacement of liquid column along x axis 
e - the elementary charge 
zk - the valence of the kth species 
nk - the concentration of the kth species 
ρs - surface charge density 
ρ0 - the charge density at the liquid-solid (dielectric) interface far   




n  - the unit normal vector of the interface pointing towards air 
σ - conductivity 
A - the interfacial area     
T - Maxwell stress tensor / temperature 
δij - the Kronecker delta  
Fel - electrostatic force 
Fex, Fey - the horizontal and vertical component Fel
ω - the complex coordinates of the transformed plane 
τ ,υ - transformed coordinates 
α - α=1-θ /π 
Rel - resistance of electrical wires 
Rwater - resistance of water  
RAu - resistance of gold pads 
Rtotal - total resistance of the electrical model 
Ct - the instantaneous capacitance 
P - the instantaneous power 
Pres  - the total dissipated energy 
N - the numbers of sample data taken from the experiment 
σsd - the standard deviation 
si - the shortest distance between any experimental point and the  
simulated model 
s  - the mean of the summation of the shortest distances between  








1.1 Microfluidics Background 
Microfluidics is the general research headline for enormous research projects focused 
on development of miniaturized devices, systems and innovative applications for 
fluidic (liquid and gases) manipulation in microscale. Microfluidics has now been 
internationally recognized as having potential towards widespread applications such as 
environmental monitoring, clinical diagnostics, civil defence and flow control. It has 
been strongly evidenced by the significant growth of publications in leading 
microfluidics journals and patents issued in the US since the last decade [1]. The 
distinctive emergence and remarkable growth of micro-electro-mechanical-systems 
(MEMS) technology in the past twenty five years, has enabled us to handle small 
amounts of fluid in the range of nano or even pico liters [2, 3, 4, 5]. Therefore, 
nano/microfluidics could be the link between the micro and nano sciences and 
technologies [6]. 
Among all the applications, a lot of research interests in microfluidics have been 
greatly motivated by biomedical applications. The ultimate goal of microfluidic 
devices and systems in these applications is a “lab-on-a-chip”, which was first 
conceptually illustrated by Burns et al. (1998), to incorporate multiple aspects of 
1 
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modern biology and chemistry laboratories in a single microchip. The microchip 
performance crucially depends on fast automatic manipulation of small quantities of 
liquids. Researchers have presented various processes used for clinical diagnostics on 
single-function biochips, such as capillary electrophoresis (CE) for DNA separation [7, 
8, 9] and sequencing [10, 11, 12], DNA amplification with polymer chain reaction 
(PCR) [13, 14], cell lysis [15, 16, 17], diffusion-based separation [18, 19], chaotic 
mixer [20, 21] and DNA sensing [22, 23].  Numerous microfluidic components 
including pumps [24-32], valves [33-38], channels [39-42], mixers [43-47], sensors 
[48-51], actuators [52-59], reaction chambers [60, 61], detectors [62-64] and 
dispensers [65-67] have been demonstrated to be integrated in biochips in recent years. 
The miniaturization of lab-on-a-chip systems offers a number of advantages, 
such as reduced sample size, decreased assay time, minimized reagent cost, increased 
automation level and sensitivity, enhanced safety, and improved portability and 
disposability. Some bio-assays and DNA microarrays based on MEMS /microfluidic 
technology have been developed with different targets and applications, which is 
summarized in Table 1.1 [68]. 
Microfluidic flow control has been thoroughly studied with emphasis on topics of 
fundamental interest for investigation of fluid motion and transportation processes.  
Many kinds of external fields, such as pressure, electric, magnetic capillary, thermal, 
and so on) can be utilized to manipulate fluid in microscale, which is different from the 
macroworld. As objects shrink, the ratio of surface area to volume increases rendering 
surface forces more important than gravitational, viscous, and inertial forces. The fluid 
manipulations can be realized through fields either applied macroscopically, e.g., at the 
inlets, outlets and chambers, or locally generated along the fluid paths (microchannel, 
cavity, etc.) by integrated components (electrodes, insulation layer, etc.). 
2 
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Table 1.1. Microfluidic devices in biological applications. 
Applications Targets Functions 
DNA Analysis
Mostly involving PCR, mixing DNA and a 
restriction enzyme, separation of fragments, 




Determination of an enzyme’s reaction kinetics, 
measurement of activities of liver 
transaminases, protein extraction and detection 




High-throughput screening; antigen /antibody 
quantization and trapping and releasing 
materials on surfaces [92-104]. 
Cytometry 
Sorting, analyzing and counting cells with 








Sensors for environmental monitoring, toxic 
detection and physiological monitoring, cell-
cartridge for sample analysis [116-119].  
Cellular 
Analysis 
Culturing Creating cell-cell, cell-substrate and cell-medium interactions [120-124].  
 
Table 1.2 summarizes and categorizes the frequently investigated driving forces 
and fields based on their mechanisms to manipulate microfluidic flow, which were 
reported in prestigious publications in recent years. 
To summarize, many means have been studied and used to control flows. 
External fields can induce motion of objects embedded with fluids, or the channel 
walls can be systematically distorted to move the fluids. Magnetic fields can affect 
fluids directly or manipulate dispersive magnetic particles. Sound fields are able to 
create acoustic streaming movement. Thermo effects can generate periodical 
deformation of a membrane by temperature gradient to induce peristaltic pumping. 
Electric fields can manipulate flows in a variety of ways: the fluid is driven by viscous 
forces induced by an electrical double layer (EDL) which is relatively stationary along 
3 
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the charged boundaries (electroosmosis); a two-fluid interface or a particle surrounded 
by viscous and incompressible ambient fluid can be moved in an electric field gradient 
(dielectrophoresis); a liquid can be driven by the surface tension which is modified 
with electric field change. For each manner of fluid flow, surface properties of fluid 
paths should also be investigated to provide additional control. Surface tension, related 
to both material properties and external fields, has been proven to be a dominant force 
in microscale fluid flow and the details will be discussed in the next section. 
Table 1.2. Forces and external fields utilized to manipulate microfluidic flows. 
Forces / 
Fields 
Mechanisms Remarks / Literatures 
Centrifugal force Results from spinning disk [125-127]  Mechanical 
Forces Pressure difference Generated by actuators [128-131] 
Sound 
Wave Acoustic streaming 
Induced by mechanical traveling wave [132- 
134] 
Thermocapillary Capillary pressure difference caused by induced-heat (temperature gradient) [135-138]. 
Electrowetting Surface tension changes / gradients [139-142]. 





Pressure difference caused by the impedance 
change of the photoconductive layer upon 
illumination of light [145]. 
Electroosmosis 
External electrical field induces the movement 
of electrical double layer (EDL), uniform 
velocity profile [146-149]. 
Dielectrophoresis 
Forces originate from the polarization of fluid. 
The force density composes of a force density 
that arises from the non-uniformity of the 
material properties and a force density that can 












Lorentz force is generated by current-carrying 
ions in aqueous solutions subjected to a 
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1.2 Microscale Surface Tension 
1.2.1 Surface Tension at Microscale 
The gravity and inertia effects dominate our behaviour in the physical world. However, 
phenomena such as viscosity, surface tension and diffusion become more significant 
when systems are reduced in size (length, area and volume). They are able to dominate 
and lead to a world at micrometer scale, which operates much differently from the 
macroscopic one we perceive and live in [162]. The scaling issues of various types of 
forces in the micro domain were systematically compared by Trimmer [163]. Based on 
his work, as system dimensions scale down in size, magnetic force scales down with 
second to fourth power; electrostatic force scales down with first to second power 
depending upon how electric field varying with size; pneumatic and hydraulic forces 
caused by pressures and biological (muscle) forces proportional to muscle cross-
section scale down with second power; surface tension amazingly scales to first power 
because it only depends on the length of interface.  It shows that surface tension 
becomes dominant over most other forces in microscale. 
In physics, surface tension is represented by the symbol γ and is defined as the 
force along a line of unit length where the force is parallel to the surface but 
perpendicular to the line. Surface tension is therefore measured in newton per meter 
(N·m-1), although the centimeter gram second system of units of dyne per cm is 
normally used. 
Surface tension is caused by various intermolecular forces between the liquid 
molecules. In the bulk of liquid, each molecule which has specific potential energy is 
pulled equally in all directions by surrounding liquid molecules, resulting in a net force 
of zero and a minimum potential energy. At the surface of liquid, the molecules are 
pulled inwards by other molecules deeper inside the liquid because of the unbalancing 
5 
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Interfacial area
attractive forces from the surrounding medium (be it vacuum, air or another liquid). 
The potential energy reaches its maximum at the surface. Therefore, all of the 
molecules at the surface are subject to an inward force of molecular attraction which 
can be balanced only by the resistance of the liquid to compression, shown in Figure 
1.1. Thus, liquids will tend to minimize this surface energy by minimizing interfacial 
area and taking on a spherical shape in absence of external forces. Typical surface 





Bulk of liquid 
 
 
Fig. 1.1. Diagram of attractive forces on liquid molecules. 
 
Table 1.3. Typical surface tension values of materials in air. Adapted from [163]. 
Materials Water NaCl  Methanol Ethanol Mercury 
γ(mN/m) 72.94 72—
78.754 












γ(mN/m) 51 20.3 [164] 70.6 [165] 45.5 [166] 19 [167] 
 
 
When a liquid droplet rests on a non-wetting solid surface, the forces at the three-
phase interfaces (solid liquid and vapour) reach equilibrium without consideration of 
gravity, which is shown in Figure 1.2. The forces at solid-liquid-vapour interface are 
illustrated by Young’s equation on his essay published in 1805 [168] 
6 




γγθ −=cos  (1.1) 
in which the interfacial energies are interpreted as surface tensions pulling on the 
three-phase contact line, where γlv, γsl and γsv are the liquid-vapour, solid-liquid and  
solid-vapour surface energies respectively. θ is the equilibrium contact angle without 
externally applied electrical potential. Note that the horizontal component of forces is 
balanced at the three-phase contact line while the vertical component is balanced out 














Fig. 1.2. Force equilibrium at the contact line of sessile drop. 
 
Using Laplace equation, a simple geometrical derivation of the equation for a surface 
having two radii of curvature was provided by Adam [169] in his well known book on 
surface chemistry in the well known form: 
)11(
21 RR
p lv +=Δ γ  (1.2) 
where R1 and R2 are the two principle radii of curvature of surface and Δp is the 
pressure difference across the interface. It states Δp is a constant, independent of the 
position of the interface. This pressure difference is balanced by the hydrostatic 
pressure at the surface. In Figure 1.3, ABCD is a small part of the surface of a liquid 
droplet resting on a solid surface (referring to Figure 1.2), with sides at right angles. 
7 
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The normals of A and B meet at O1 and those at B and C at O2. Hence, the principle 

















Fig. 1.3. The schematic of two principle radii of a liquid droplet surface. 
For homogeneous substrates, it means that droplets form a spherical cap shape at 
equilibrium. Thus, for the surface of a sphere, it becomes 
R
p lvγ2=Δ   (1.3) 
From Equation 1.2, the pressure difference becomes large as the radius of curvature 
reduces. For example, the pressure drop at the interface of a water drop with radius of 
1 μm would be 1.42 atm. Therefore, researchers should be aware of limitation of liquid 
droplet generation and handling for systems design because it will be difficult or even 
impossible to manipulate liquid droplets with the size of less than sub-micrometers. 
1.2.2 Surface Tension Control 
Actuation of fluid motion by surface tension needs approaches to actively control the 
interfacial energies in the system. Generally, the approaches of manipulation of 
interfacial energies should be realized real-time, reversibly, rapidly and inexpensively 
via an easily-handled physical variable, such as incident light intensity, electric field or 
8 
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voltage. The recent development of the chemical, thermal and electrical methods was 
reviewed by Craig Rosslee et al. (2000) [170]. 
Chemical Methods 
B. S. Gallardo et al. (1999) [143] reported an electrochemical method in which 
redox-active surfactants were used to manipulate the surface tension gradient.  A 
moderate velocity of 2.5 mm/s was obtained at about 0.4 V. This method avoids using 
moving part and permits vectorial transport and positioning of materials on unconfined 
surfaces at low voltages (<1 V). However, since the electrochemically established 
gradient depends on the length of the fluid channel, this method does not offer a 
convenient way to control multiple droplets independently. 
Opto- Methods  
A photochemical method has been demonstrated by Ichimura et al. (2000) [171] 
to generate surface energy gradients for driving liquid motions through asymmetrical 
irradiation of a photoisomerizable azobenzene surface with blue light. The 
employment of light offers a convenient way to control two-dimensional movement of   
multiple droplets without using micromachined structures or devices. However, the 
limitation of hysteresis and photoinduced changes in contact angle can prohibit notably 
transportation of many liquids. And the obtained typical speed of 35 μm/s for the 
motion of a 2-μl olive oil droplet is very slow for chemical process systems. 
Thermal Methods 
The thermocapillary effect has been studied in detail [135, 172] and employed to 
transport liquids, which so far has achieved more promising results than chemical 
methods. By manipulating the surface tension on one side of a liquid drop through a 
temperature gradient across both ends of liquid droplets, a pressure difference can be 
generated for liquid motion. This pressure difference can be produced by heating one 
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drop interface because surface tension decreases linearly with meniscus temperature. 
However, the complexity of these systems results in many uncertain issues for design 
and analysis of a number of factors such as materials properties, structure geometry, 
fluid property and velocity.  The temperature variations across the droplets are 
unacceptable for many potential biological applications where precise thermal control 
of 1°C accuracy or finer is normal required. 
Electrical Methods 
Electrical control of surface tension at interfaces between two liquids was first 
systematically studied in 1875 by Gabriel Lippmann [173], who first described it 
“Electrocapillarity”.  He demonstrated electrocapillary effect whereby capillary 
depression of mercury column in contact with electrolyte solutions could be varied by 
applying a voltage between the mercury and electrolyte. Based on his experiments, he 
not only formulated electrocapillary theory but also developed several applications 
including a very sensitive capillary electrometer and a motor. However, this classical 
electrocapillary effect strongly depends on the state of electric double-layer (EDL) at 
the interface which is sensitive to both the type and concentration of electrolyte in the 
aqueous phase.  
 
1.3  Dimensionless Numbers in Microfluidics 
A lot of physical phenomena have been involved in microfluidic systems and devices. 
Dimensionless numbers demonstrate the ratios of these phenomena encountered in 
fluids dynamics to understand complicated fluid behavior. The forces of interest 
include surface tension, pressure, inertia, viscosity and gravity. The dimensionless 
numbers yielded by the ratios between any two of these forces provide qualitative 
characterizations of fluid behaviors, which are summarized in Table 1.4. 
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Table 1.4. Dimensionless numbers for microfluidic analysis. 




ρvR2  inertial/viscous 
Ca Capillary 
number γ








 Inertial/surface tension 
 
Of all dimensionless numbers, the Reynolds number (Re) is the most important 
dimensionless number in fluid dynamics and defined as the ratio of inertial forces to 
viscous forces. In its definition, ρ and v are the fluid density and mean velocity, μ is 
dynamic fluid viscosity and 2R (cross-section is circular with a radius of R) is a 
characteristic length (L) of fluid field. It provides a criterion to determine whether a 
flow pattern is laminar or turbulent. The standard transition from laminar to turbulent 
flow normally occurs for Re between 2000 and 3000. As Re increases, it results in 
unpredictable, irregular turbulent flow. 
However, it was argued by P. Gravesen et al. [174] that the Reynolds number 
may not be useful for complete determination of flow pattern because the length L is 
often shorter than the entrance length for fully developed flow in many microfluidic 
devices. Thus, Gravesen suggested that L should be determined depending upon the 
ratio of L to the hydraulic diameter Dh. For small ratios of L/Dh, the value for a sharp-
edged slit-type orifice is used [175]. When the ratio is less than 70, the transitional 
Reynolds number should be defined by setting L equal to the entrance length for fully 
developed flow, which is approximately 30 L/Dh. With larger ratios (>70), the 
Reynolds number is generally accepted to be 2300. 
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 Another dimensionless number is the Capillary number represented by a ratio 
of viscous forces and surface tension forces acting across an interface between two 
immiscible liquids, which is given in Table 1.4. The capillary number is important to 
characterize the contact line moving speed during the wetting or dewetting processes 
because it determines the free surface shape near the contact line. Assume a water drop 
with a velocity of 100 μm/s, Ca is approximately 10-6, which shows that surface 
tension effect should determine the dynamics of contact line movement rather than 
viscous force in microfluidics. 
 The Bond number measures the strength of gravity with respect to surface 
tension and is given in Table 1.4, where g is the acceleration due to gravity and R is the 
length scale (typically the radius of a drop or the radius of a capillary tube). In most 
applications of microfluidics, the droplets with a typical size of the order of 1mm or 
less. The ambient medium can be either air or another immiscible liquid (normally an 
oil). Thus, Bo is usually less than 10-1 which indicates surface tension dominates the 
droplet shape rather than gravity. Therefore gravity is negligible throughout the rest of 
this thesis for considerations. Let’s consider an ideal sphere water droplet, the 
gravitation force is represented by 4/3πρgR3, here, R is the droplet radius. The 
graphically comparison of surface tension and gravitational effect on this spherical 
water droplet is demonstrated in Figure 1.4. 
The Weber number is a dimensionless number which is the ratio of inertia 
forces to surface forces in fluid mechanics. The Weber number is useful in analyzing 
fluid flows especially for multiphase flows with strongly curved surfaces such as 
droplets and bubbles. When We > 12, droplets become unstable and transform into thin 
layer on die surface or even disperse into smaller drops with higher values. Assume a 
water droplet with V=1 cm/s and R=1 mm, We is approximately 10-3. It indicates that 
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only inertial stress should not cause dispersive droplets. More detailed review of the 
dimensionless numbers in fluid mechanics is given by T. M. Squires and S. R. Quake 
(2005) [176]. 
 
Fig.1.4. Microscale comparison of surface tension and gravity 
 acting on a spherical water droplet. 
 
 
1.4  Micropump Technologies Review 
The function of the presented microfluidic dispenser in this study, such as delivering 
controllable fluid flow, is similar to that of micropumps. Moreover, the mechanism of 
the presented microfluidic dispenser, i.e. electrowetting-on-dielectric (EWOD), is also 
utilized in micropump technology. Therefore, a literature review was carried out on 
micropump technologies. 
The micropump is one of the components in a microfluidic system to supply a 
steady controllable fluid flow in the range from nano or micro liter to milli liter per 
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minute. There is a greatly growing market for the treatment of some diseases which 
need the micro dosing system [1]. Thus, in the microscale, it is an important and 
critical task to control and transport the fluid amount using different mechanisms such 
as the electrohydrodynamic effect, electrochemical effect and the electrowetting effect 
comparing to the macro scale previously. 
Several papers have comprehensively reviewed micropumps and technologies. 
Peter Gravesen and Jens Branebjerg et al. overviewed the fluid mechanics modeling 
and devices in the microscale, such as valves and micropumps [174]. R. Zengerle and 
H. Sandmaier introduced recent developments in microfluidics and several types of 
micropumps [177]. N. T. Nguyen et al. systematically outlined pump principles and 
realization and graphically compared specifications such as feature size, flow rate and 
backpressure [178]. They categorized micropumps based on their work principles and 
discussed their merits and demerits for different applications. The most recent review 
was presented by D. J. Laser and J. G. Santiago [179] who have extensively studied 
Reciprocating and aperiodic displacement micropumps, electroosmotic and dynamic 
micropumps over past 25 years. They also indicated that micropumps suitable for 
important applications such as space exploration and chemical and biological analysis 
are not available yet. 
Compared to other MEMS devices such as flow sensors, valves et al., micropumps 
use a much greater variety of operating principles. Usually, the micropumps can be 
categorized into mechanical pumps and non-mechanical pumps based on their working 
principles [180], as shown in Figure 1.5. 
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Micropump 










     electrochemical 





Fig. 1.5. Micropump categories. 
 
Mechanical pumps utilize moving parts such as check valves, oscillating 
membranes or turbines for delivering a constant fluid volume in each pump cycle, 
which is mostly used in macro scale pumps and its output is large and size relatively 
big. The detailed review of the mechanical micropumps can be referred to the 
literatures mentioned above. In this thesis, it will focus on the review of non-
mechanical micropumps. 
Non-mechanical pumps normally add momentum to the fluid for pumping 
effect by converting other energy forms into kinetic energy. Its output is usually in the 
micro scale. In contrast to mechanical micropumps, most of non-mechanical 
micropumps are very competitive, having unique properties in microscale applications. 
For example, electrokinetic pumps (including electrophoresis and electroosmotic) are 
able to achieve high efficiency via a high electric field gradient. However, a 
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surprisingly large voltage should be applied to achieve a high electric field gradient in 
a macroscopic fluid system. It consumes a lot of power and can induce undesirable 
electrochemical reactions, i.e., electrolysis between fluids and electrodes. Another 
example is to employ surface tension to pump fluids, which is impossible to realize in 
macroscale by mechanical pumps. 
One attractive non-mechanical micropump is the electrohydrodynamic (EHD) 
pump relying on the interaction of electrostatic forces with ions of dielectric fluids. 
The EHD pumping is based on electrostatic forces acting on dielectric fluids: the one 
based on the interaction between the conductivity gradient and the traveling wave of 
potential is called EHD induction pump; the one based on the Coulomb force acting on 
ions injected from one or both emitter electrodes into fluids by means of 
electrochemical reaction is called EHD injection pump. The principles of the EHD 
pumps are schematically shown in Figure 1.6 [180]. Here, E is the electrical field, ε is 







Fig. 1.6. Principles of EHD pumps [180]:  
(a) EHD injection pump; (b) EHD induction pump. 
 
Bart et al. [153] firstly reported the EHD induction micropump followed by 
Richter A. et al. [156-7, 181-2], Fuhr et al. [30, 154], Furuya, A, et al. [183] and Ahn 
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at al. [155]. Their designs are quite similar and the specifications are compared in 
Table 1.5. 
Table 1.5. Typical parameters of EHD micropumps. 
Authors Bart et al.  [153] 
Richter et al. 
[ 156-7, 181-
2] 





Ahn et al. 
[155] 
Typical Size 
(μm) 500 3000 600 400 3000 
Chamber 
Height (μm) - - 50 100 200 
Max Flow 
Rate (μl/min) - 15000 0.45 0.12 50 
Max Back 











Technology Bulk Bulk Bulk Bulk Bulk 
Year 1990 1990-1991 1992, 1997 1996 1998 
 
The pumping principle of a magnetohydrodynamic (MHD) micropump 
depends on Lorentz force acting on conductive solution to create a pressure gradient to 
pump liquid. The Lorentz force is generated by current-carrying ions in conductive 
solutions subjecting to a magnetic field to induce fluid flow. 
Figure 1.7 shows the actuation principle of a typical MHD micropump presented 
by Jang and Lee [158], where J is current density and B is magnetic flux density. This 
Lorentz force is produced when an electric current is applied across a channel filled 
with conducting solution in the presence of a perpendicular magnetic field. The 
Lorentz force is both perpendicular to the current in the channel and the magnetic field. 
The fabricated device consists of a 40 mm-long channel with a cross section of 1 mm 
width and 0.4 mm height, a pair of aluminum electrodes and two permanent magnets. 
With a magnet flux density of 0.44 T, the maximum flow rate was measured at 63 
μl/min with 1.8 mA and a pressure difference between inlet and outlet at about 180 Pa 
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with 10 mA using seawater as medium. Several papers [159-161] have presented 
applications of MHD micropumps driven by AC or DC potentials respectively. 
Although MHD pumps have the abilities of bidirectional pumping and 
biocompatibility, its two performance factors including magnetic flux density and 









Fig. 1.7. The actuation principle of MHD pump driven by Lorentz force [158]. 
 
Electroosmotic (EO) pumping effect results from an electrified fluid under the 
application of an external electric field. Chemical reactions make the channel wall 
surface charged and counter ions accumulate at the vicinity of the charged surface to 
form an electric double layer of a typical thickness of the order of several nanometers. 
An applied external electric field forces the EDL layer to move, which also attracts 
opposite ions in the solution. Thus, the fluid in the channel will be pushed because of 
the viscous force. The pumping principle is illustrated in Figure 1.8 [179] and the 
physics of it is discussed in detail by R. F. Probstein [184]. 
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Fig. 1.8. Electrochemistry of electrical double layer at the solid-liquid interface and 
electroosmotic principle [179]. (a) Counter ions accumulate in the vicinity of charged 
surface due to chemical reaction to form EDL layer. (b) An external electric field 
causes EDL layer to move, which consequently drag the fluid 
 in channel via viscous force. 
 
Electroosmotic techniques and processes have been investigated for 
incorporation into microsystems for chemical and biological analysis applications 
including flow injection analysis [185], on-chip electrophoretic separation [186-7] and 
on-chip chromatography [188]. Pumping devices based on the electroosmotic effect 
were fabricated and characterized on silicon [31, 148-149]. Yao and Santiago et al. 
[146-7] extensively discussed optimization and other issues of electroosmotic 
micropump design, theory and experiment.  Table 1.6 summarizes comparisons 
between EHD, MHD and EO micropumps. 
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Table 1.6. Comparisons of EHD, MHD and EO micropumps. 
Types Max Flow Rate (μl/min) 
Operating 
Voltage (V) Pumping Fluids Remarks 
EHD 10-1-104 101-103 Dielectric fluids 
Only work with liquid 
with low conductivity 
(10-12 to 10-6); thermal 
effect due to high current 
 
MHD 101-102 ∼101-102 Many fluids for some pumps 
Miniaturization 
challenge; thermal effect 
to induce Joule heating. 
 
EO 5x10-3--105 30-104 
DI water, chemical 
buffer and many 





1.5 The History of Electrowetting 
The modern electrowetting originated from so-called “Electrocapillarity” firstly 
demonstrated by Gabriel Lippmann in 1875. In his classical experiment [173], as 
illustrated in Figure 1.9, the externally applied electrostatic charge significantly 
modified the capillary force at liquid-solid interface. 
He observed that the mercury-electrolyte (a mixture of water and sulphuric acid 
(10% in volume)) interface change resulted from the force unbalance between the 
surface tension and pressure of mercury column. The alternation of surface tension 
attributed from charge density change at the interface. A great deal of work appeared 
to investigate the behaviour of electrified electrode instead of mercury directly in 
contact with electrolyte solution over 60 years ago [173]. It was actually an essential 
extension of classical electrocapillary experiments devoting to aqueous electrolyte in 
contact with a solid (electrodes or insulators) rather than a liquid metal. The 
capacitance varied in the order of several tens μF/cm2 and the measured maximum 
potential for occurrence of electrocapillary was less than 1 V. 
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Fig. 1.9. Schematic of Lippmann apparatus for electrocapillary experiment [173]. 
 
In early 1980’s, G. Beni et al. [189-190] from Bell Laboratory proposed a 
display method based on classical electrowetting. He introduced the idea of continuous 












Fig. 1.10. CEW effect demonstration by G. Beni et al. [191-2]. 
 
A mercury slug was sealed in an electrolyte-filled capillary channel and a small 
gap was formed between mercury and channel walls. By applying a voltage potential 
across both ends of electrolyte, a potential difference formed across the mercury slug 
and consequently resulted in a surface tension gradient along the mercury-electrolyte 
interface. Thus, a surface tension gradient, accountable for lower surface tension on the 
right-hand side of mercury slug, drove the mercury slug to move to the right hand side 
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of Figure 1.10. G. Beni et al. [193] exploited optical switches based on the CEW 
mechanism. J. Lee and C. J. Kim et al. [194] successfully employed it as a 
microactuation mechanism in MEMS, and the mechanism of their device is depicted in 
Figure 1.11. Initially, without bias voltage, a liquid metal in a capillary filled with an 














Fig. 1.11. CEW effect depicted by C. J. Kim et al.. (a) EDL and initial charges 
uniformly distributed; (b) electrically changed surface tension [194]. 
 
When a voltage was applied between two electrodes, the electric potential 
difference between the mercury and electrolyte varied along the x-direction and 
induced a charge redistribution. The more highly charged the interface became, the 
more the charges repelled each other, thereby decreased the cohesive forces and 
lowered the surface tension. Therefore, the surface tension on the right-hand side of the 
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mercury was less than that on the left-hand side. This gradient in surface tension 
induced motion of the mercury to the right, as shown in Figure 1.11(b). C. J. Kim et al. 
also demonstrated a surface tension induced micropump [195] and a liquid micromotor 
[142] fabricated by MEMS-based technologies. Unfortunately, these research efforts 
had not created any impactful practical applications or reliable devices easy for 
handling and manufacturing. 
It was not until the early 1990’s that the recent developments were initiated by 
Berge B. [196] who utilized a thin layer of solid insulator to electrically dispart 
electrolyte solution and metal electrode to prevent the occurrence of electrolysis 
problem, which was almost inevitable in classical electrowetting. M. Vallet, Berge B. 
and L. Vovelle [197] studied the wettability of poly(ethylene terephthalate) (PET) 
films and achieved a rather large (30°) and irreversible contact angle change of water 
drop upon applying  a voltage of 200V across the 12-um-thick film. The irreversibility 
of contact angle shown in Figure 1.12(a) was found due to the surface modification of 
polymer film at the edge of liquid drop only. The workability of complex fluids like 
0.1% copolyester solution in water with electrowetting was also investigated for 
industrial interest. The results shown in Figure 1.12(b) presented the overall behavior 
similar to that of pure water. Contact angle saturation, as well as contour line 
instability, i.e., the fragmentation of a liquid drop at high voltage, was reported. To 
dissolve a sufficient amount of salt in water was able to suppress the instability. 
Although the surface capacitance was very low (several hundreds pF/cm2) and the 
applied voltage was very high (up to 3000V at a frequency from 50Hz to a few 
kilohertz), the thick insulating film was more efficiently tolerable with higher electric 
fields than the spontaneous potential barrier in systems without insulation between 
metal electrode and electrolyte. 
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(a)      (b) 
Fig. 1.12. Cosines of the receding (+) and advancing (•) contact angles of liquid drops 
on a PET film as a function of applied voltages. (a) pure water; (b) 0.1% copolyester 
solution in water [197]. 
 
V. Peykov et al. [198] experimentally proved that the contact angle and 
electrowetting effect was independent of the electrolyte concentration with a negligible 
high capacitance of Debye layer (the layer of charge around electrode) in serial with an 
insulating layer. 
In general, this concept proposed by Berge B., which was further developed by H. 
J. J. Verheijen and M. W. J. Prins [199], becomes well-known as electrowetting-on-
dielectric (EWOD). The induction of an insulating layer widely avails a lot of 
materials for controlling the electrode surface properties upon electrification. The 
tangible advantages offered by EWOD have attracted researchers to extensively focus 
on it as a microactuation principle and accounted for a lot of very exciting 
achievements and applications subsequently. 
The number of investigations on electrowetting has been increased since the 
beginning of 21st century. It has been utilized to assist the fundamental studies of 
wetting dynamics to improve the liquid coating process for industry [200-1]. C. 
Quilliet and B. Berge [202] provided a possibility to tune the thickness of a fluid film 
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in a nanometric regime through applying an effective interface potential by 
electrowetting. 
In general, many aspects related to electrowetting phenomena such as 
electrostatic field influence [203], electrical double layer [204], droplet movement 
[205] and contact angle hysteresis and saturation [206] etc., have been studied to 
understand the physics of electrowetting. Several papers have reviewed in detail the 
recent development of electrowetting covering from theoretical background, materials 
properties, surface morphologies to applications [207-9]. 
 
1.6  The Physics of Electrowetting 
To understand the physics of electrowetting phenomena, let’s first consider the 
experiment of EWOD effect as shown in Figure 1.13. A droplet of a conducting liquid 
is placed on an insulating layer of thickness d, which is deposited on a metal electrode. 
Applying a potential V between the droplet and the metal electrode, the charges are 
redistributed to induce the change of free energy/surface tension of droplet. 
Consequently, it results in a decrease of the contact angle θ. The changed droplet shape 















Fig. 1.13. Schematic of an electrowetting-on-dielectric experiment. 
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The dielectric layer of EWOD serves both to block the electron transfer and 
provide a hydrophobic surface that enables large variations and reversibility in contact 
angle. The solid-liquid region can be modeled as a parallel plate capacitor with the 












Fig. 1.14. Charge separation between the conductive liquid and electrode  
due to the employment of an insulator. 
 
The EWOD phenomenon was quantitatively interpreted in terms of Young and 
Lippmann’s equations through many tangible experiments. Referring to Figure 1.2, a 
sessile drop reaching mechanical equilibrium on a smooth, inert and non-deformed 
homogeneous solid surface was defined by Thomas Young. Liquid evaporation and 
gravity are assumed to be negligible. Young’s equation (Equation 1.1) is obtained by 
balancing the horizontal component of forces acting on the three-phase contact line. 
The potential dependence of interfacial energies and contact angle was 
experimentally and theoretically studied by J. A. M. Sondag-Huethorst and L. G. J. 
Fokkink [210-11]. It was observed that both the liquid-vapor interfacial energy γlv and 
solid-vapor interfacial energy γsv were independent of electrical potential while the 
solid-liquid interfacial energy γsl and contact angle θ  were functions of the electrode 
potential. Furthermore, γsl had contributions both from an electrical component (γslel) 
and a chemical (potential-independent) component (γslch). The electrical component 
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γslel could be derived thermodynamically [196] through the change in free energy 
involved in establishing the electrical double layer, which equaled the double integral 
of the capacitance with respect to the potential. Sondag-Huethorst and Fokkink [210-
11] gave a much elaborative derivation: 
∫∫−=+= VCdchslelslchslsl 2γγγγ   (1.4) 
Here, C is the capacitance of the solid-liquid interface. In that case, Equation (1.4) can 
be integrated, and the capacitance is only dependent on the thickness (d) of the 
dielectric layer and its dielectric constant ε (C=ε0ε/d). Thus, the contact angle as a 
function of potential can be yielded by combination with Young’s equation (Eq. 1.1) 









0 +=   (1.5) 
Here, θ is the contact angle under applied voltage of V, ε is the dielectric constant of 
the dielectric layer and ε0 is the vacuum permittivity 8.854 x 10-12 F/m. Equation 1.5 is 
also called the Young-Lippmann equation. Note that the potential polarity does not 
influence the contact angle change. Although complete wetting with θ = 0° under 
sufficiently high voltage was supposed to occur based on Equation 1.5, it was never 
experimentally reported. 
Equation 1.5 suggests that electrowetting is the consequential result of interfacial 
polarization, i.e., the induced electrical charges accumulating at the solid-liquid 
interface under external electrical potential to induce the change of solid-liquid surface 
tension, which accounts for the changing of contact angle. Moreover, the verification 
of Equation 1.5 has been successfully implemented by many investigators through 
correlating empirical results on contact angles within a moderate change of contact 
angle [198,212]. 
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1.7 Applications and Limitations of Electrowetting-on-dielectric 
1.7.1 Applications--Lab-on-a-chip 
Two well-known research laboratories, i.e., Digital Microfluidics Lab of Prof. Richard 
Fair at Duke University and Micromanufacturing Lab of Prof. Chang-Jin Kim at 
UCLA, have pioneered the technique of moving liquid droplets using EWOD. 
The research work of Prof. C. J. Kim et al. on EWOD actuation at early stage 
using liquid metal in direct contact with electrolyte has been mentioned in Section 1.5. 
However, only electrolyte could be transported and electrolysis would occur if the 
actuation voltage was above 2.5 V, under which the liquid metal (mercury) became so 
instable as to split into several slugs. This makes it very difficult to manipulate bio- 
and physiological fluids. Moreover, the employment of mercury, which is very toxic, 
results in the complexity and difficulty in manufacturing process. This actuation 
method has not created any impact for practical applications. 
M. G. Pollack, Richard B. Fair and A. D. Shendrov [139, 213] presented a 
microactuation method for manipulation of discrete liquid drops on a substrate with an 
electrode array capable of individual addressability. The droplets could be transported 
along the sequential activation of the electrode, as shown in Figure 1.15. The cross-
section schematic of sandwiched electrowetting based microactuator is shown in 
Figure 1.15(a). 
The top substrate (glass) was deposited with homogenous and grounded 
electrode to provide electrical contact to liquid drops independent of their locations 
along the electrode array. The grounded electrode consisted of an optically-transparent 
indium-tin-oxide layer coated with a very thin layer (~ 60nm thick) of Teflon® AF 
1600 serving as a hydrophobic surface of a contact angle of 104° with water. The 
thickness of Teflon® AF 1600 was identified to make sure the electrical contact to the 
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ground electrode. The control electrodes were deposited and patterned using chrome 
on the bottom substrate (also glass), coating with an 800-nm-thick film of Parylene C 
as an insulation layer and a Teflon AF 1600 layer as well as it on the top substrate. 0.1 
M KCl liquid drops were dispensed in to the sandwiched structure with a gap of 0.3 
mm surrounded with silicon oil. As the droplets must overlap with at least two 
neighbouring electrodes to form an electrical loop, an electrode pitch of 1.5 mm and a 
droplet diameter of 1.9 mm were determined in order to achieve a reliable and 































Fig. 1.15. A digital microfluidic lab-on-a-chip [213]. (a) Schematic of cross section of 
the electrowetting actuator; (b) The average velocity of the droplet as a function of 
voltage for transporting 1 centistokes (cSt) silicon oil. 
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With different patterns of voltage activations or electrode configurations, other 
manipulations such as splitting, merging or dispensing of microdroplets could be 
accomplished. The silicon oil here was to prevent the liquid evaporation which was a 
critical issue in micro scale at room temperature. Also, this sandwiched structure 
prevented ohmic heating and undesirable electrochemical reactions. Figure 1.15(b) 
shows the testing results of the average linear velocity of droplet as a function of 
voltage for transporting 1 cSt silicon oil. A rapid repeatability of well-above-10000 
cycles was demonstrated together with a maximum transporting velocity of 10 cm/s. 
With these above-mentioned established microfluids manipulation techniques 
using electrowetting, the up-to-date research efforts tend to demonstrate the lab-on-a-
chip applications of EWOD-based systems and devices [214-217]. 
However, several limitations of these above-mentioned liquid droplets 
manipulation techniques are still clear visible. Firstly, all the experiment reported were 
done in silicon-oil environment, where droplet driving is much easier than in air 
environment. This silicon-oil environment definitely will bring a lot of contaminations 
and troubles for lab-on-a-applications such as chemical analysis system and clinical 
diagnostics. Secondly, the volume of liquid droplets manipulated in these devices was 
normally pre-defined by a pipette in the range of 0.05 –1.0 ul. This pre-defined volume 
should be able to assure liquid droplet to overlap the adjacent electrodes for 
movement. It makes difficult to miniaturize the device with key feature size of sub-
micro meter range and additional equipment (pipette, dispenser, etc.) is necessary to 
precisely generate / control liquid droplets of a volume in sub-/ micro liter range. 
1.7.2 Limitations  
Firstly, Equation 1.5 was found to be valid as long as the value of voltage was below 
certain threshold. Unfortunately, beyond a certain system-dependent threshold voltage, 
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the contact angle as a function of the applied voltage has always been experimentally 
reported to be independent [198-99, 218-220]. A typical experiment done by M. Vallet 
et al., as shown in Figure 1.16, shows the measurement of cosine of contact angle 
versus applied voltage for polytetrafluoroethylene (PTFE) films, where contact angle 
saturation occurs. Several factors such as high electric field strengths charging the 
insulator [197], the charge built up at the insulator surface [199], dielectric breakdown 
and adsorption of water molecules [201] have been reported to result in the contact 
angle saturation phenomena based on experimental results respectively. However, no 
individual theory has yet been verified to be applicable to such a wide range of 








Fig. 1.16. Cosine of contact angle as a function of applied voltage on a PTFE film of 
50 μm thick, contact angle saturation occurred after above 600 V, reproduced from 
[218]. 
 
Secondly, dielectric breakdown mostly induced by the electrical properties and 
the thickness of dielectric layer causes dielectric layer to fail to function as a capacitor 
because the charges do not accumulate there. Since the breakdown voltage depends on 
the electric field, a minimum dielectric thickness (dmin) is always required to operate 
the device safely. Referring to Equation 1.5, we are able to avoid dielectric breakdown 
either by increasing the thickness of dielectric layer, the capacitance C of capacitor, or 
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its dielectric constant ε . However, increasing dielectric layer thickness requires higher 
voltage to achieve the same effect, thus, consumes more power. A hydrophobic 
dielectric of high dielectric constant and strength is ideal for EWOD. Unfortunately, 
such materials are very limited. The properties of dielectric materials employed in 
EWOD are discussed in detail in Chapter 2. 
Lastly, the reproducibility and stability of many reported EWOD experiments or 
devices are quite questionable for the applicability with industry and 
commercialization. Very few tangible experimental data about these specifications 
have been presented. 
 
1.8  Motivation and Scope 
Although a lot of research development efforts and investments have been made 
during the past two more decades, the disparity between research achievement, 
publications and patents and commercialized products of microfluidics is still clearly 
visible. Very few patents, achievements and technologies are transformed into 
products. Caliper Life Sciences, among very few successful companies devoted to 
microfluidics, has successfully commercialized integrated chips with minimum 
requirement of fabrication and integration.  These chips use high voltages to 
electrokinetically transport liquid “plugs” through a network of microchannels with 
mixing and separations occurring at predefined points along the flow pathway [208]. 
However, the application of micromachining technology to make such miniaturized 
chips was in its infancy and the applied high driving voltage of 5000 V limited the 
applications of these chips. 
On the other hand, traditional micropumps utilize electrostatic force, 
thermopneumatic force, electromagnetic force etc., as the driving source. However, the 
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piezo actuator to generate electrostatic force is difficult for miniaturization in 
microscale, and the thermopneumatic or electromagnetic force consumes a large 
amount of electric power. Therefore, the micropumps based on those above-mentioned 
methods are difficult to be used in the remote environmental monitoring systems, 
implantable medical devices and chemical analysis systems because of their relative 
big size or high power consumption. There are a few publications and patents on 
micropumps utilizing the continuous electrowetting mechanism. This mechanism 
utilizes the surface tension force generated between the liquid metal and the electrolyte 
in order to pump fluid. As mercury is usually used as the liquid metal, this type of 
micropump has a lot of problems in implementation due to the difficulty and 
complexity of the fabrication process of the mercury. 
Electrowetting-on-dielectrics (EWOD) has been extensively studied and 
demonstrated to be able to manipulate discrete liquid droplets in micro scale [201-
203]. However, these liquid droplets should be electrolyte to be pumped by liquid 
metal (mercury) based on CEW mechanism; the liquid droplets were transported in 
silicon-oil environment and should overlap the neighboring electrodes for electrically 
actuation; the volume of liquid droplets was pre-defined by addition equipment like 
pipet or dispenser. All these drawbacks make those above-mentioned EWOD devices 
very difficult to handle or manipulate bio-physiological fluids in sub-micro liter and 
even smaller range. 
In recent years, many microfluidic lab-on-a-chip systems and devices, which 
incorporate all the necessary steps to perform a specified chemical analysis (sample 
treatment, transport, reactions and detections) or bioprocessing (cell isolation, cell 
lysis, DNA purification and recovery) etc. [221-22]. An example of such a system for 
the detection of ammonia is shown in Figure1.17 and its analysis procedure is as 
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follows: a sample fluid is fed from a branch into a main channel with a continuous 
carrier fluid of de-mineralized water. The first reagent is added into the sample fluid 
and mixed together in the first mixer. Then the fluids pass further down the main 
channel and mix with another reagent in the 2nd mixer. After that, the mixture runs 
through a reactor channel and reaches a detection chamber, where light adsorption at a 
wavelength of 590 nm is measured. From this adsorption measurement, the original 
amount of ammonia is calculated [221]. The fluids are propelled by 4 peristaltic piezo-
electrically driven micropumps, which are difficult to be further miniaturized and need 
a very high driving voltage. The above-mentioned EWOD systems and devices are not 
capable of being integrated into this chemical analysis system because of their 










Reagent 1 Reagent 2 
Mixer Mixer Detector 
Reactor 
 
Fig. 1.17. The schematic of a miniaturized chemical analysis system for the 
detection of ammonia [221]. 
 
Accordingly, the objective of this research work is to refine the fundamental 
liquid manipulation techniques and design, fabricate, test and characterize a 
hydrophobicity controlled microfluidic dispenser with an in-built metering feature, 
which can be integrated into a lab-on-a-chip performing specific chemical analysis, 
clinical diagnostic and environmental monitoring. This microfluidic dispenser in 
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combination with a pneumatic pump is able to provide a precisely-controlled liquid 
flow in the range of micro liter to pico liter. This study will focus on the dispensing 
behavior and development of this microfluidic device based on electrowetting-on-
dielectric. The transportability, controllability, reproducibility of liquid manipulation 
will be the focus of this work. The details of this microfluidic dispenser will be 
presented in Chapter 3. 
The deliverables of this project can be divided into the following: 
•  System design for dispensing manipulatable liquid column using controlled 
hydrophobicity. 
• Surface properties investigation and optimization for dielectric layers. 
• Modelling and simulation of the flow of a liquid column under the action of an 
applied electrical field. 
• Device testing and characterization. 
 
1.9  Thesis Overview 
In this thesis, the design, modeling analysis, realization together with testing and 
characterization of an electrowetting based microfluidic dispenser are presented. This 
section summarizes the content of this thesis, which comprises 6 chapters. Chapter 1 
gives a brief introduction of the background and research trends of microfluidics, 
summarizing the biological applications of microfluidic devices and forces/fields 
employed to manipulate microflows. Surface tension is conceptually introduced 
followed by a brief analysis of dimensionless numbers of microfluidics. After that, the 
historical development and fundamental theory of electrowetting are reviewed 
followed by an introduction of its applications and limitations. Several typical 
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pumping devices based on electrowetting are demonstrated and their limitations and 
drawbacks are depicted in terms of lab-on-a-chip applications. Finally, the motivations 
and project scope are presented to study and develop the dispensing behavior of a 
microfluidic device which can be incorporated into a lab-on-a-chip for specific 
chemical analysis, clinical diagnostic and environmental morning. 
Chapter 2 reviews and analyzes material property issues relevant to 
electrowetting-on-dielelctrics (EWOD), among which, the dielectric layer is more 
important in influencing EWOD performance. The investigation and optimization of 
the surface properties of dielectric layers are presented in Chapter 2. Several materials 
for dielectrics were tested and compared for determining the optimized parameters for 
device integration. 
Chapter 3 demonstrates the conceptual design and working principles of the 
proposed microfluidic dispenser. The hydrodynamic behavior of liquid dominated by 
surface tension will be analyzed including the dynamic changing of contact angle and 
the net force acting on the liquid-air interface in EWOD. The average flow rate and the 
principle radius of liquid meniscus as a function of time are predicted together with the 
simulation results of the electrical potential distribution and surface charge distribution 
upon applying potentials. 
The device realization by silicon, glass and polymer microfabrication 
technologies is introduced in Chapter 4. The fabrication process flow includes 
fabrication of the top plate, the bottom plate and bonding. The top plate made of glass 
has the electrodes array and the microchannel is formed by SU-8 on bottom plate of 
silicon. Bonding technology is illustrated to complete the device fabrication. 
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Chapter 5 presents the characterization of the device. The experimental 
procedure is briefly mentioned in the beginning of the chapter. A comprehensive 
discussion on the experimental observations is made at the end of this chapter. 
Chapter 6 concludes this research work and overlooks the challenging issues as 





DIELECTRIC MATERIALS FOR EWOD 
 
 
This chapter discusses the fundamental building blocks of electrowetting-on-dielectric 
(EWOD) actuation, and the importance of these building blocks in determining the 
EWOD mechanism.  Typically, a fully functional EWOD device consists of four 
essential components, that is, an ionized liquid (including pure water) working as a 
medium, a dielectric material providing the capacitance between liquid and electrode. 
the hydrophobic surface property at the solid-liquid interface (some dielectrics require 
a separated top-coating of hydrophobic layer), and finally a conductive material 
serving as the electrodes. The material properties of these four components influence 
the performance of a EWOD device in different ways. 
 
2.1  EWOD Dependence on Liquids and Electrodes 
Conventionally, the liquid electrolyte is assumed to be a perfect conductor in classical 
electrowetting experiments, i.e. the water is assumed to be in direct contact with metal 
electrodes. In recent years, researchers have investigated the effects of a variety of 
liquids on EWOD. Their results  indicate that the requisitions of liquid properties for 
EWOD such as concentration and charge carrying ability are not so rigorous. Using 
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typical liquid electrolytes like KCl and K2SO4 with concentrations of the order of 0.01 
M/liter – 1.0 M/liter, Verhejen et al. [199] reported the independence of ion type, ion 
molarity and ion valence of electrolytes on the applied voltages for EWOD. Through 
an improved Pellat’s apparatus for demonstration of electrically induced capillary rise, 
T. B. Jones et al. [223] observed EWOD phenomenon using deionized (DI) water with 
frequencies of 20 Hz -20 kHz under voltages of up to 300V. Figure 2.1 shows the 









(a)       (b) 
Fig. 2.1. Improved Pellat’s experiment for demonstration of electrically induced 
capillary rise [224]. (a) Schematic of set up and electric circuit simplification.  
(b) Frequency dependence of DI water on applied voltages. 
 
F. Mugele et al. [224] also presented an EWOD experiment with DI water on 
indium-tin-oxide (ITO) electrode coated with a thin layer of Teflon® AF and obtained 
a noticeable contact angle change. Electrowetting phenomenon was also observed for 
mixtures of salt solutions (NaCl or Na2SO4) with other species, i.e., glycerol [224-6], 
ethanol [227] and methanol [228], without any degradation of EWOD performance. 
In biomedical applications,  researchers have explored the applicability of 
EWOD devices in the presence of biomolecules and physiological fluids. Yoon and 
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Garrell [229] showed that EWOD occurred with biofluids containing protein, DNA 
and adult bovine whole serum of a biomolecule concentration of 4μg/ml, although the 
performance was degraded by biomolecules adsorption into the insulation layer giving 
rise to the reduced contact angle change and hysteresis. The compatibility of EWOD 
with physiological fluids such as insulin, cytochrome, myoglobin etc. has been 
demonstrated by A. R. Wheeler et al. using a EWOD based chip [230]. Recently, 
EWOD actuation of human physiological fluids containing human whole blood, 
serum, plasma, urine, saliva sweat and tears was demonstrated at 20 Hz and less than 
65 V by Prof. R. B. Fair et al. [219, 231] using an integrated digital microfluidic chip. 
Hitherto, the findings indicate that the performance of a EWOD device has 
limited dependence on the liquids properties. 
Those commonly used metal electrodes in IC and PCB industry, which can be 
patterned by photolithography and lift off / wet etching processes, are also widely 
employed in EWOD. These materials includes gold (Au) [198,232,233], silver (Ag) 
[205], aluminum (Al) [140,199], chromium (Cr) [232], platinum (Pt) [232,234], 
titanium (Ti) [232] and Si [223, 230, 145] with a typical thickness of the order of 
several to 200 nanometers. Stainless steel sheets were also reported as electrodes for 
EWOD [197,218, 235]. 
Due to the increasing practical demand to visualize the operation of the device or 
induce light transmission, it is necessary to incorporate the top-substrate conductive 
material which should be semi / transparent to light into the EWOD device. Indium-
tin-oxide (ITO) films of 50-200 nm thickness intrinsically have a transmittance of 
above 80% with sheet resistances of less than 10 Ω/sq. Thus, ITO has been widely 
used as the top-substrate ground electrode in EWOD [145, 236, 231-2, 237-44]. In 
general, electrode property has almost no influence on EWOD. 
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2.2  EWOD Dependence on Dielectrics 
The material properties of dielectric layer have drawn a lot of attentions since the 
emergence of EWOD because it has significant impact on the performance of   
EWOD. There have been a significant number of research works focusing on 
optimizing  the extrinsic properties (e.g. thickness, applied voltages) and intrinsic 
properties (e.g. surface property, dielectric strength or constant) of EWOD, where the 
corresponding research results provide valuable reference for practical EWOD designs 
and applications.  
Referring to the Young-Lippmann equation (Equation 1.5), there are two 
important criteria in the design of a EWOD device, i.e., firstly, the inherent contact 
angle (without external applied voltage) should be as large as possible to achieve 
maximum contact angle variation; and secondly, the dielectric layer should be as thin 
as possible. To obtain large contact angle at zero applied voltage, one can either use 
highly hydrophobic insulators or hydrophilic insulators deposited with a very thin 
hydrophobic layer without blocking electrical connection. Minimizing the dielectric 
thickness may give rise to poor dielectric strength, and may cause further dielectric 
breakdown. Nevertheless, the insulators should be of high dielectric constant and high 
dielectric strength to facilitate application of a higher potential across the dielectric. 
Beside these considerations, applied potential or power consumption should be 
minimized when operating the devices / systems. Materials employed should be 
chemically inert / resistant  to achieve reliability. Mechanical, thermal and charge 
stability are important  for manufacturing reproducibility. Biocompatibility and 
minimal bimolecular adsorption of materials must be taken into considerations when 
handling bio- and physiological fluids. 
41 
Chapter 2   Dielectric Materials for EWOD 
There are several materials that can be used in designing a EWOD device, which 
is discussed below. Polymer materials, induced as insulators at the early stage of 
EWOD, have been extensively studied and employed including parylene-C [139-
140,198,224,234-5,237,245] and parylene-N [199], conventional Teflon® films 
[218,238,245], Teflon® AF [139-140,198-9, 234,237] and Cytop™ [239-243] 
amorphous fluoropolymer, polydimethylsiloxane (PDMS) [205], and polyimide 
[237,239], as well as other commercially available polymers like PET [197,218] and 
polyethylene (PE) [246] etc.. In EWOD, parylene has been reported exclusively to 
work together with a top-coated hydrophobic thin layer like Teflon® AF 1600. Teflon® 
AF has the lowest dielectric constant of 1.93 among known polymers, which exposes 
itself a candidate for next-generation interlevel dielectrics [247] but a poor dielectric 
capacitor. Therefore, it has frequently served only as a hydrophobic layer instead of a 
prime insulator in electrowetting. It has a typical thickness of the order of 100 nm in 
between liquid and insulation layer without electrical isolation in order to provide a 
low contact angle hysteresis (8°) [237]. Cytop™ has actively appeared as a new 
member of dielectrics for EWOD since the early 2000s. Compared to Teflon, Cytop™ 
yields lower contact angle hysteresis (4°) and impermeability, better light transmission 
for optical applications [248]. Poly(dimethylsiloxane) (PDMS) Sylgard® 184, Dow 
Corning, becomes a potentially attractive material for the integrated electrowetting 
based devices because of its very hydrophobic surface property and low material cost 
compared to Teflon. However, a potential of 500 V, a rather high voltage for EWOD, 
was required to obtain a contact angle change of 35° on a 38 μm thick PDMS film 
[205]. Compared to its high popularity as a molding material for microfluidic devices, 
almost no interests of PDMS as an insulating material have been demonstrated in 
recent years. Polyimide has a dielectric constant of 3.4 and dielectric strength of 22 
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kV/mm, which are higher than that of parylene-C. However, it demands much higher 
applied voltages to achieve the same magnitude of contact angle change as that of 
parylene-C [237]. Thus, polyimide was employed as an intermediate dielectric only at 
early prototypes and its popularity among EWOD community becomes very poor 
nowadays. Table 2.1 summarizes and compares the materials properties and 
specifications of these above-mentioned polymers employed in EWOD. 
Table 2.1. Specifications and comparisons of polymer materials for EWOD. 
Materials 
Parylene 
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Another interesting group of materials as inorganic insulators employed in 
EWOD includes silicon dioxide (SiO2) [229,234,220,232,244], silicon nitride (SiNx) 
[240, 243] and the Sol-Gel derived barium strontium titanate (BST) [(Ba,Sr)TiO3] 
[232,234]. As their original surface properties exhibit hydrophilic (water contact angle 
is 46.7° [251], 30° [252] and 40.8° [253] for SiO2, Si3N4 and BST, respectively), 
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normally they have to perform electrowetting actuation in combination with a 
hydrophobic top-coating layer like Teflon® AF 1600. 
The prime benefits of SiO2 as a capacitive insulator are from its high dielectric 
constant, high dielectric strength and availability as one of the predominate materials 
in MEMS and microelectronics industry. Compared to Teflon® AF as an insulator, 
SiO2 is able to offer a larger contact angle change at the same applied voltage due to its 
higher dielectric constant [234]. Figure 2.2 compares the thickness effect of silicon 













Fig. 2.2. The thickness effect of dielectrics on contact angle change as a function of  
applied potential [234]. From the left, 1000 å SiO2 (•), 1 μm oxide (▲) and 12 μm 
Parylene (♦). 
 
Silicon nitride was incorporated into a tunable liquid lens in combination with a 
1-μm thick Cytop™ layer (hydrophobic coating) [240, 243]. No changes were observed 
under the applied voltage of 40 V for a droplet of 6 μl. 
Barium Strontium Titanate (BST) has a significantly higher dielectric constant 
(200-300) than that of SiO2 and SiNx. Therefore, it can provide even lower operation 
voltage (15 Vdc) to reduce the contact angle from 120° to 80°. Metal organic chemical 
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vapor deposition (MOCVD) can be used to deposit this thin film with a typical 
thickness of the order of less than 100 nm [232,234]. Figure 2.3 shows the 
comparisons of contact angle change as a function of applied voltage between 
dielectrics including BST, SiO2 and Teflon AF. The theoretical trends predicted by the 
Young-Lippmann equation for these three materials are also plotted respectively [234]. 







Fig. 2.3. Contact angle change as a function of applied voltage for BST (700å, ■), 
SiO2 (1000å, •) and Teflon® AF (1200å, ○). The trends predicted by the Young-
Lippmann equation are represented by lines respectively [234]. 
 
 
Table 2.2 Comparisons of inorganic insulators for EWOD 
 
Materials SiO2 [256] Si3N4 [256] BST [257] 
Dielectric Strength 
(kV/mm) 400-600 500 18-54 
Dielectric Constant 3.9 7.5 225-265 
Applied Voltage (V) Vdc ≥25 > 40 Vdc ≥15 
Thickness (μm) 100 nm-1 μm 150 nm 70 nm 
Contact Angle of 








Self-assembled monolayers (SAMs) has been studied and incorporated with 
electrowetting since last decade. SAMs normally can be prepared by immersing the 
substrates coated with gold films (~100 nm thick) into ethanoic solution for several 
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hours and its typical thickness is around 20-30 angstroms [258]. The value of dielectric 
constant for SAMs was obtained analytically nearly at 2 [259], which was in 
agreement with the results through experiment [210]. Huethorst et al. reported the 
electrowetting effect using SAMs as dielectric material on gold surface, in which a 
partial irreversibility was caused by contact angle hysteresis [211]. The wetting was 
observed to appear till current was generated to give rise to the degradation of 
monolayer desorption, which accounted for the irreversibility of contact angle [233]. 
Gorman et al. demonstrated a relative low reproducibility of about 50 cycles with a 
very low applied voltage of 1.7 V at a frequency of 1 min/cycle [260]. In short, the 
discreetness of employment of SAMs as dielectric layer for EWOD can be observed 
because of its limited stability and contact angle irreversibility. 
Progress of EWOD development is summarized in Table 2.3, showing the 
corresponding applied voltages, dielectric materials and features. The research of 
EWOD at early stage was initiated by both industrial companies (Philips Research 
Laboratories and Bell Labs) and academics. There are broadening interests in EWOD 
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Table 2.3. Progress of EWOD development. 
Year / Ref. 
 
Voltage Dielectrics Features 
1980 [261] AC 0-2 kV (50  
or 1k Hz) 
PE (200-900 μm) • θ changes from 80° to ~20° 
• Irreversibility 
1993 [196] AC (50-3k Hz) PTFE (53 μm) • Reversibility 
• Saturation 
1994 [211] DC (0-0.9 V) SAM • Limited reversibility 
• Hysteresis 
1995 [259] DC (0-1.7 V) SAM • θ changes from 128° to ~37° 
• Reversibility 
1996 [197] AC (0-3 kV at 50 
Hz- a few kHz) 
PET (12 μm) • Reversibility at moderate   
  voltage 
• Contour line instability at high 
   voltages 
1998 [237] DC (0-400 V) Parylene C (6 -10 μm) 
or polyimide (18-35 
μm) + Teflon® AF 1600 
(0.1 μm) 
• Hysteresis (8°) 
• Reversibility 
• θ changes from 110° to ~60° 
1999 [199] DC (± 240 V) Parylene N (10 μm) 
+Teflon® AF 1600  
(30 nm) + silicon oil 
• Hysteresis (2°) 
• Reversibility 
• Polarity, ion type, molarity    
  and ion valence independent 
2000 [139] DC (55-80 V) Parylene C (700 nm) + 
Teflon® AF1600  
(200 nm) 
• Reproducibility 
• High transportation speed 
• Relative stability 





•θ changes from 24° to 11° 
2001 [140] DC (± 227 V) Parylene C (11.5 μm) + 
Teflon® AF1600  
(10 nm) 
• Weak hysteresis 
• High transportation speed 
2002 [239] DC (0-100 V) Polyimide (2 μm)  + 
Cytop™ (1 μm) 
• Reversibility 
•Pinning-free voltage control 
2002 [262] DC (15-100 V) Parylene C (800nm) + 
Teflon® AF1600 
(60nm) 
• High reproducibility 
• High transportation speed 
2003 [232] DC (15-25V) SiO2 (0.1 μm) / BST 
(70 nm) +Teflon®  
(20nm) 
• Low voltage operation 
• Reproducibility 
• Versatile droplet handling 
2003 [145] AC (100V at 
100-700Hz) /  
Photoconductive 
material (amorphous Si) 
• Light induced 
• high transportation speed 
2004 [236] AC (65 V  
at 20 Hz) 
Parylene C (800nm) + 
Teflon® AF1600 
(50nm) + silicon oil 
• Biocompatibility 
• High transportation rate 
• High reproducibility 
2005 [225] AC (0-1 kV at  
1-10 kHz) 
Teflon® AF (3-5 μm) 
+silicon oil 
• Saturation 
• Contact line instability 
2006 [243] DC (~120 V) SiO2 (0.3 μm)  + 
Cytop™ (0.2 μm) 
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2.3 Dielectric Breakdown Analysis 
Dielectric breakdown is a phenomenon where insulators are forced to conduct 
electricity. In EWOD, it refers to the failure of the insulating materials which results in 
a short circuit between the electrodes and conductive liquids. As mentioned in Section 
1.7.2, a dielectric breakdown damages the dielectric layer, and charges do not 
accumulate at the interface of dielectric and conducting layer to give rise to stop 
EWOD. Thus, the dielectric strength is one of the most important factors in selecting 
insulator materials  and  caution must be taken into determining the minimum 
thickness of an insulating layer. 
Rearranging the Young-Lippmann equation, the electrical potential required to 






cos2 Δ=Δ lvdV  (2.1) 
Also, the dielectric breakdown voltage Vbd, i.e. the minimum voltage to make an 
insulator act as a conductor, equals to 
dEV dsBD ⋅=  (2.2) 
Here, Eds is the dielectric strength and d is the thickness of the insulator. Figure 2.5 
compares the effects of the required electrowetting voltage and the breakdown voltage 
on the insulator thickness respectively, using Cytop™ as the reference material. The 
required EW voltage to induce a specific Δθ is proportional to the square root of the 
thickness of the dielectric layer with a fix dielectric constant.  In contrast, the 
breakdown voltage is linear to the thickness of the dielectric layer. The minimum 
insulator thickness (correspondingly a minimum voltage) required to obtain a specific 
Δθ  for a given dielectric strength and dielectric constant is determined by the 
intersection of these two functions of square root and linearity.  Dielectric breakdown 
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always occurs before obtaining the desired contact angle change with thickness less 
than the minimum value. Take note that the result presented in Figure 2.4 is not 
applicable for nanoscale effect of SAMs, as reported by Moon et al. [2234]. 
 



















Dielectric Breakdown Voltage (Vbd)
Required EW Voltage (Vew)
Dielectric Breakdown 
before EWOD          
 
Fig. 2.4. Electrowetting voltage to obtain a specific contact angle change (Δθ) and 
dielectric breakdown voltage as a function of dielectric layer thickness. For the 
example demonstrated, the dielectric layer is assumed to be Cytop™ with ε=2.1, 
Eds=110 MV/m, and θ is from 110°to 80°. 
 
Values of the minimum dielectric thickness (dmin) and corresponding dielectric 
breakdown voltage (Vbd) for different dielectrics are calculated and listed in Table 2.4. 
The dielectric breakdown voltage Vbd is the minimum theoretical voltage required to 
initiate EWOD effect in air without any failure of insulator. The upper and lower 
bound of linearly larger operational voltage and dielectric thickness can be improved 
for safety of breakdown. A practically acceptable maximum driving voltage of 100 V 
was taken to calculate the minimum (limited by dielectric strength Eds) and maximum 
(limited by driving voltage Vew) value of thickness for each dielectric in Table 2.4. 
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Table 2.4. The dielectric breakdown voltage at corresponding minimum thickness for 
typical dielectrics. (Minimum and maximum dielectric thickness under 100 V). 
 
100V Dielectrics dmin (μm) 
Vbd 





0.33 36.74 0.91 2.47 110~80 
PDMS 
 
4.27 90.59 4.72 5.21 120~100
Teflon® AF 1600 
 
13.04 273.84 1.74 4.76 120~80 
Parylene C 
 
74.16 511.704 2.83 14.49 126~85 
BST 
 
2.87x10-3 0.14 2 1392 40.8~30 
SiO2 
 
3.05x10-3 1.5 0.2 13.14 46.7~30 
 
The values of contact angle change for each dielectric material are based on the 
measurement results which will be discussed in Section 2.4. Electrowetting and 
dielectric breakdown voltage as a function of the dielectric thickness for each dielectric 












































































Fig. 2.5. Electrowetting voltage (solid line, Vew) required to achieve a specific contact 
angle change (Δθ), breakdown voltage (dashed line, Vbd) as a function of thickness for 
each dielectric material. Dielectrics include: 
 (a) PDMS, (b) Teflon® AF 1600, (c) Parylene C, (d) BST, (e) SiO2. 
 
 
To summarize, Parylene C coated with a thin layer of Teflon® AF 1600 exhibits 
the highest variation of contact angle (~40°) which can sustain up to 300 V before 
dielectric breakdown. In contrast, BST and SiO2 materials have a small breakdown 
voltage of 0.14-1.5 V and a small initial contact angle (< 50°) which are not sufficient 
to generate adequate electrowetting force for EWOD actuation. Thus, they are not 
suitable as dielectric materials. A moderate contact angle change (20°) can be obtained 
with PDMS at a relatively high applied voltage of about 100 V. In contrast, the contact 
angle variation of Cytop™ is as large as 30° under the same voltage and EWOD can 
always be operated at as low as 40 V before dielectric breakdown. 
Besides the dielectric layer, dielectric breakdown may also happen in the medium 
(air or silicon oil) surrounding the liquid. Therefore, silicon oil immiscible with water 
has normally been employed  to reduce contact angle hysteresis and prevent 
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evaporation of liquid. An appropriately designed gap or channel height between the top 
and bottom substrate is essential to avoid the short circuit of electrode through the 
surrounding medium. For simplicity, we only consider a perfect model of parallel-plate 
capacitor of interfaces of three dielectric regions parallel to the substrates with a 
negligible morphological influence of droplet and electrode in electrical field. 
Assuming an applied potential of V0 across the substrates, the corresponding 





























ε  (2.3) 
Here εi and di are the dielectric constant and dielectric thickness respectively for each 
dielectric region. Assume the top and bottom solid insulation are identical, we can 































ε   (2.4) 
Here d and di are the gap depth or channel height and thickness of solid insulating 
layer respectively, εsm and εi are the dielectric constant of surrounding medium and 
solid insulation respectively. Consequently, the breakdown voltage of the surrounding 
medium as a function of the ratio of di/εi is depicted in Figure 2.6. Some typical values 
of d in both air (ε=1.0, Eds=3.0x106 V/m) and silicon oil (ε=2.5, Eds=15x106 V/m) were 
taken as the examples for demonstration. Applying a maximum operating voltage of 





Chapter 2   Dielectric Materials for EWOD 
 
Fig. 2.6. Breakdown voltage of surrounding medium as a function of ratio of d/ε of 
insulator for some values of d. 
 
Several ways to prevent dielectric breakdown have been discussed in Section 
1.6.1. In addition, using SAM-coated electrodes could greatly reduce the applied 
voltage (~1.7 V) while obtain significant contact angle change [259]. However, the 
limited contact angle reversibility and specific working liquids narrow down the 
application scope of electrowetting on SAMs.  
In summary, there is no ideal dielectric material of extremely high dielectric 
strength and dielectric constant. Certain trade-offs are needed when designing EWOD 
devices. For example, thinner dielectric layer needs low driving voltage which is the 
most common requirement for commercialized products. If larger electrowetting force 
generated by higher voltage is desired to achieve a large contact angle change, thicker 
dielectric layer should be employed. 
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2.4 Experimental Measurement of Contact Angle 
This section documents the experimental results in measuring the contact angle for 
several dielectric materials. The accuracy of the measurement depends on  factors such 
as composition of liquid droplet, water evaporation, droplet size / volume, humidity 
and temperature. Other factors such as air pressure, relative velocity between air and 
liquid droplet are negligible. 
Liquid evaporation is almost inevitable for droplets in real world and it is also 
regarded undesirable for contact angle measurement. In microfluidics, liquid 
evaporation becomes significant for microdroplets.  Under typical experimental 
conditions (T=20°C and relative humidity is about 40%), the evaporation rate of water 
is about 3 μg/s [263-264]. In addition, water evaporation is against the increasing of 
humidity while significantly speeds up with air temperature rise-up. Therefore, in this 
case, each contact angle measurement of a typical size of liquid droplet (3-5 μl) has 
been completed within 2 minutes before water evaporation becomes significant at 
room temperature. The humidity in the lab is controlled at 40% and monitored during 
the experiment. 
The significant effect of illumination was observed at the beginning of the 
experiment. A non-transparent plastic cover (like a box) was made to cover the 
goniometer and it only allows people to operate the goniometer in front. All 
illumination sources in the lab were turned off during the experiments to minimize the 
influence of illumination.  
Only pure water and saturated sodium chloride (NaCl) were used as electrolytes 
for this study. 4-inch silicon wafers were firstly diced into 25 mm x 25 mm chips then 
sputter-deposited with Au thin films (2500 å, with 100å thick Cr underlayer). Totally 
four dielectrics, Parylene C, PDMS, Cytop™ and SAMs, which are able to serve as 
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prime insulators without additional hydrophobic coating, were prepared and tested. 
Teflon® AF 1600 was not considered because it normally serves as a thin hydrophobic 
layer instead of a prime insulator. 
Parylene C thin films (2.25 μm thick) were deposited onto the Au-coated silicon 
chips by a customized parylene coating equipment. 
PDMS (Sylgard® 184, Dow Corning) thin films were firstly prepared by mixing 
the base and curing agent at a ratio of 10:1 either by weight or volume (10 parts of 
base and 1 part of curing agent). Then, they were placed into a VWR vacuum oven to 
degas air bubbles at 101.6 kPa for 30 mins. After that, PDMS was dispensed onto Au-
coated silicon chips and spin coated at 2000 rpm, and finally cured at around 150°C for 
1 hr. Its thickness was about 38.2 um thick measured by a surface profilometer. 
Cytop™ (TL809M, Asahi Glass Co. Ltd.) was deposited onto Au-coated silicon 
chips by spin coating at 2000 rpm with a ramp rate of 500 rpm. Then, they were cured 
at 60° C for 30 mins. The thickness is about 950 nm. 
A hexadecanethiol (C16H34S, from Fluka) self-assembled monolayer was formed 
by immersing the Au-coated silicon chips in 1 mM hexadecanethiol (15.28 μl) in 
ethanolic solution (50 ml) sealed in a glass beaker placed in a fume hood for 12 hours. 
Then the monolayer was thoroughly rinsed with ethanol and its thickness was 
measured at about 24å by a variable angle spectroscopic ellipsometer (WVASE32, J. 
A. Woollam Co. Inc.). 
Figure 2.7 schematically shows the contact angle measurement of EWOD in 
open air using a contact angle goniometer (model no. 100-00-220-S, Rame-hart 
Instrument Co.). 3-μl droplets were dispensed by a micropipette for each measurement 
to minimize the gravitational effects. A DC potential was applied between the Au 
electrode underneath the dielectric layer and a thin Au wire (25 μm in diameter) 
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dipping into the droplet. Each measurement was repeated 3 times using fresh droplets 
to eliminate the evaporation effect and trapped charges. The droplet images were 
recorded by a camera to calculate contact angle and analyze droplet shape by the 
software of DROPimage. An amp meter was used to monitor the dielectric breakdown. 
Figure 2.8 shows the images of water droplets on these dielectrics in the presence and 

































(b) Parylene C, 128° (0 V)    87° (125 V) 
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(d) SAM, 105° (0 V)     65° (6.5 V) 
 
Fig.2.8. Contact angle of dielectrics with and without applied potentials. 
 
Figure 2.9 plots the contact angle variation of water on the above-mentioned 
dielectrics as a function of applied voltage. A desirable contact angle modulation of 
40° (from 128° to 88°) of Parylene C required about 120 V. The contact angle 
saturated at ∼88° on this 2.25 um-thick Parylene C sample. A small contact angle 
modulation of 16°(117° to 101°) on a 38.2-um thick PDMS sample was obtained under 
a potential of about 140 V without observation of contact angle saturation. A moderate 
potential of 65 V was applied to achieve the contact angle variation of 35° (from 110° 
to 75°) with Cytop. Contact angle saturation was observed on this 0.95 um-thick Cytop 
sample when the potential was beyond 65 V. 
A contact angle variation of 40° (from 105° to 65°) with SAMs could be obtained 
when applying a potential as small as 7.5 V, beyond which the contact angle saturated. 
However, it was observed that its hydrophobicity degraded significantly and the 
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surface became hydrophilic in 1-2 days. The instability and contact angle 
irreversibility make SAMs impossible to be applied in the device. Hence, SAMs as a 












Fig. 2.9. Contact angle as a function of applied potential using water with the 
dielectrics of Cytop™ (950 nm), parylene C (2.25 um), SAMs (2.4 nm) and PDMS 
(38.2 um). 
 
The EWOD dependence on polarity was tested using both saturated sodium 
chloride solution and water. The measurement results of Cytop™ and Parylene C 
denoted by solid markers and the theoretical prediction by the Young-Lippmann 
equation represented by solid line are shown as Figure 2.10(a) and (b) respectively. 
The theoretical model in Figure 2.10 can be directly derived from the Young-
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Fig. 2.10. EWOD dependence on polarity with (a) Cytop™ and (b) Parylene C using 
water and saturated NaCl. Theoretical predication based on Equation 2.5 is represented 
by solid line. 
 
 
The assumptions for derivation of this theoretical model include that the substrate 
is homogenous; liquid evaporation and gravity are negligible. Young-Lippmann 
equation is well-known and its derivation can be referred to Section 1.6. The 
experimental results follow the trend predicated by Equation 2.5 and a standard 
deviation of 1° for Cytop (with water) and 1.6° for Parylene C (with water) were 
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obtained respectively. Contact angle hysteresis of 1° and 3.6° were observed for Cytop 
and Parylene C respectively. Contact angle saturated with both of these materials, 
which was independent of the potential polarity. Both Cytop™ and Parylene C exhibit 
the independence of contact angle change on polarity with water and electrolyte, which 
is in agreement with literature [199] and theoretical predication. 
The experiment on thickness dependence of contact angle modulation by 
electrowetting using water droplets have been performed on electrodes (Au) coated 
with dielectrics of varying thickness. These different thicknesses of Cytop and PDMS 
were achieved by spin coating from 2000rpm to 5000rpm with a ramp rate of 500rpm. 
Figure 2.11 shows the voltage required to change the contact angle of both materials 
experimentally, as well as theoretically by the following model, which is directly 





0 coscos2 −= dV lv  (2.6) 














































Fig. 2.11. The voltage required to generate a contact angle variation as a function of 
the dielectric thickness. The contact angle modulation is 35° for Cytop and 16° for 
PDMS. The solid line is calculated based on Equation 2.6 and the circle markers 
denote the experimental data. 
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The assumptions to derive Equation 2.6 are the same as that for Equation 2.5.The 
contact angle variation of Cytop was from 110° to 75° (35° modulation) and it was 
from 117° to 101° (16° modulation) for PDMS. The standard deviation was about 1.33 
V for Cytop and 1.18 V for PDMS respectively. The results show good agreement with 
the theoretical predication up to the point where the contact angle saturates. Using spin 
coating method, it is difficult to make PDMS thickness thinner than 10 um because the 
maximum spinning speed (about 5000-6000 rpm) has been reached. The thickness of 
Cytop was achieved above 500nm, which was thicker than the minimum thickness of 
330nm to avoid the dielectric breakdown. 
Figure 2.12 shows the contact angle reversibility of Cytop™ as a dielectric (700 
nm thick) for EWOD using water droplet and Figure 2.13 shows the corresponding 
experimental images of the reversible contact angle of water droplet in the experiment. 
Contact angle hysteresis varies from 3.2°-4°, which is acceptable for EWOD devices. 
Other tested dielectrics (SAM, parylene C, and PDMS) present uncompetitive or even 
poor reversibility of contact angle changes for both water and the electrolyte solution. 
Comparing the tested dielectrics, Parylene C requires quite high driving voltage 
to obtain a desirable contact angle modulation of 40°. It is difficult to be patterned by 
dry/wet process in microfabrication. Hence, it is not suitable to be applied in the 
proposed device. PDMS presents a small contact angle variation of only 16° under an 
extremely high potential of 140 V. Microstructure of PDMS can not be patterned 
successfully by dry/wet process like RIE etching. In contrast, a desirable contact angle 
modulation of Cytop (35°) can be obtained under relatively low applied potential (65 















Fig. 2.12. The reversibility of contact angle of Cytop™ film  




















Fig. 2.13. Experimental images of the reversible contact angle  
of water droplet on top of Cytop™. 
 
 
In summary, Cytop™ is suitable as a dielectric material for EWOD with a good 
combination of mechanical, electrical, chemical and thermal properties. Its competitive 
surface properties including better reversibility of contact angle, lower contact angle 
hysteresis and larger contact angle changes with moderate actuation voltage make it 









In this chapter, the conceptual design, working principles and advantages of an 
EWOD-based microfluidic dispenser having in-built flow volume metering ability are 
discussed. This chapter briefly discusses the hydrodynamic behaviour of liquid column 
dominated by the surface tension forces. Understanding the dynamics of EWOD is 
important to predict and evaluate the performance of the device performance. The 
EWOD device performance depends heavily on the operation conditions. Moreover, a 
desirable model to obtain scaling factors in terms of device performance has been 
established for further miniaturization. Theoretical studies have been carried out to 
interpret the dynamics of contact angle, surface charge built-up process and the net 
force acting on the interface of liquid-vapour. A prototype with key feature sizes in the 
micrometer scale was fabricated in a manner similar to MEMS fabrication. The 
prototype was also used for  proof-of-concept experiments. 
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65 
3.1 Concept of the Microfluidic Dispenser 
The present innovative microfluidic dispenser, of which the motivation and scope are 
mentioned in Section 1.8, is particularly useful to dispense ultra-small volume of 
varying liquid columns using controlled hydrophobicity actuation features in a 
microchannel. 
Figure 3.1 schematically shows how this microfluidic dispenser can be 
incorporated into a lab-on-a-chip chemical analysis system mentioned earlier in 
Section 1.8, which incorporates multi aspects of biology and chemistry laboratories 
together on a small chip. Electrode arrays are fabricated along the fluid path in the 
main and branch microchannels. The hydrophobic pads are patterned and coated 












Fig. 3.1. The schematics of the analysis procedure of a flow injection analysis. The 
electrode arrays are fabricated along the fluid path in main and branch channel. A 
hydrophobic layer (denoted by ), is alternatively coated on the bare electrode 
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The carrier flow propagates into the main channel under capillary force till it 
stops at the 1st hydrophobic coated electrode. Applying a potential difference across 
the adjacent electrodes (the 1st bare and hydrophobic coated electrode), an electrostatic 
force will be generated at the liquid meniscus to pull the carrier fluid column till it 
stops at the next hydrophobic coated electrode along the main channel. As the cross 
section area of the channel is constant, the fluid volume can be measured by the 
numbers of electrodes passed by the liquid meniscus. When a desirable volume A of 
carrier fluid is reached, air pressure is induced in the main channel, which is allocated 
at the first bar electrode, to cut off the liquid column and push the carrier column of 
volume A into the first mixer. Using the same method, a sample fluid of volume B and 
reagent 1 of volume C are delivered into the 1st mixer.  
Then, the fluids are actuated in the same way and pass further down the main 
channel and mix together with reagent 2 in 2nd mixer. Reagent 2 is also actuated and 
delivered with a prescribed volume D in the same manner as mentioned earlier. Hence, 
these fluids are mixed by a pre-defined volume ratio, which is necessary for the 
analysis. After that, the mixture is actuated again to run through a reaction chamber 
and a detector for further analysis. It should be noted that, the volume of the mixtures, 
which will be delivered for further analysis, still can be precisely controlled by the 
electrode arrays in between mixers, reaction chambers and detectors. Finally, the 
amount of ammonia can be calculated based on the measurement result, which has 
been introduced in Section 1.8. 
This study will focus on the liquid dispensing behavior of this hydrophobicity 
controlled microfluidic dispenser and the behavior of the pneumatic pump is not 
included. The detailed study of this microfluidic dispenser is presented in the 
following sections.  
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The device consists of a microchannel which is connected to a liquid reservoir. 
Hydrophobic pads are made along the inside wall of the microchannel as shown in 
Figure 3.2. These hydrophobic pads become hydrophilic by applying an electric field 
across the hydrophobic layers. Gold conductive electrodes are formed in between the 
hydrophobic pads and exposed to the liquid in order for it to be in contact with the 














Fig. 3.2. The schematic of cross-section view of dispenser. 
 
The dispensing sequence is shown in Figure 3.3. The electrode underneath the 
hydrophobic pad is connected to the positive terminal of the power supply while the 
exposed electrode is connected to the negative terminal. Initially, the liquid column 
propagates into the channel under capillary force due to the hydrophilic surface of the 
inner wall (Figure 3.3(a)). When no potential is applied, the liquid column stops at the 
first hydrophobic pad (Figure 3.3(b)). When an electrical potential is applied, as shown 
in Figure 3.3(c), the hydrophobic pad becomes hydrophilic and the meniscus of liquid 
changes from convex to concave transiently because of ion separation  induced by the 
applied potential (Figure 3.3(c)). The liquid column starts to propagate in the channel 
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again until it reaches the next hydrophobic pad, at which point the liquid column stops 
propagating and the meniscus becomes convex (Figure 3.3(d)). Applying potential 
again, it starts another dispensing cycle (Figure 3.3(e)). This invention has been 



































Fig. 3.3. Dispensing sequences. 
 
This microfluidic dispenser exhibits several advantages. It does not employ 
actuators that would limit minimum device sizes, and therefore can be miniaturized as 
desired for the particular application and therefore is suitable for chip scale fluidic 
systems. The limitation of miniaturization is only imposed by the limitations in current 
lithography techniques (i.e., the smallest feature size that can be defined using current 
lithography techniques).  For example, if the lithography process used in making a 
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device is capable of defining 100 nanometer (nm) features, then the size of features of 
the device is on the order of few hundred nanometers and the device is capable of 
dispensing quanta of liquids as small as a few atto liters.  The voltage required to 
dispense liquids using controlled hydrophobicity actuation features of the present 
invention is advantageously about 20 Volts. Furthermore, this dispenser includes an in-
built metering feature that is useful to deliver a measured volume of liquid.  This 
measured volume can be selected to be in the range of a few milliliters to a few 
attoliters. Since the cross section of the microchannel is a constant, the delivered fluid 
volume can be calculated if we know the numbers of electrodes already passed by 
fluids. This so-called in-built metering feature can be realized using a multiplexer. 
Moreover, the liquid volume can be varied and controlled in sub-microliter or even 
smaller by a combination of the electrode arrays, multiplexer and a pneumatic pump. 
The new micro/nano fluidic device design presents a variety of new applications.  For 
example, the low power consumption and low voltage requirements of this device 
make it very attractive for applications that require an ultra miniature metering 
microfluidic device which operates at a low voltage. Last but not least, the liquid 
column propagates due to capillary force and it automatically gets rid of any unwanted 
air bubbles present in the system. 
 
 
3.2 The Hydrodynamics of Liquid-solid Interfacial Tension 
The surface charge density of the accumulated charges at the liquid-solid interface 
influences both of the surface tension and electrostatic force. To study it, let’s firstly 
look at the free charges carried by ions in an electrified liquid. Free charge density and 
ion concentration are related as: 
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s nezρ    (3.1) 
here e is the elementary charge, zk is the valence of the kth species whose concentration 
is nk. The gas phase (i.e., air) as an insulator and the liquid phase (i.e., ionized solution) 
as a leaky dielectric are involved in this case. In the regions of uniform conductivity 
(κ=constant), the potential distribution of the electrostatic field in the regions of 
uniform conductivity (conductivity is constant) is governed by Equation 3.2: 
02 =∇ V  (3.2) 
The bulk free charge density is considered zero in the liquid. Thus, the electric 
potential V is irrotational and divergence-free throughout the field. An electric field 
discontinuity normal to the liquid-gas interface is generated by the interfacial charge 
density ρs. The accumulation rate of the interfacial charge density ρs is given by the 
continuity condition for conservation of charge expressed via Ohm’s law: 
( sggll VVn ρεε =∇−∇⋅ )  (3.3) 
where n is the unit normal vector of the interface pointing towards air,  ε is the 
dielectric constant, subscript l and g indicate the liquid phase and gas phase, 




d ∇⋅⋅−= σρ  (3.4) 
where d/dt is the Lagrangian derivative, and σ is the conductivity of the liquid. The 
accumulation process of the interfacial charge is given by Equation 3.4. 
Using FlexPDE 5 (a multi-physics finite element solution software for partial 
differential equations from PDE Solutions Inc.), Eq. 3.3 and Eq. 3.4 were solved 
numerically. As the thickness of the electrodes (500 nm) is too small compared to the 
channel height (20 μm), it is negligible in the simulation. The electrode width is 20 μm  
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and the electrode gap is about 40 μm. Figure 3.4a shows the electrical potential 
distribution (under 20V) in the absence of liquid in the channel and Figure 3.4b shows 



























Fig. 3.4b. The distribution of the magnitude of electric field in the absence of liquid. 
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The liquid propagates in the channel and then it stops at the first hydrophobic pad. 
Applying 20V, the surface charges build up at the meniscus. Figure 3.5a and Figure 
3.5b illustrate the electrical potential distribution and the distribution of the magnitude 
of electrical field  with liquid under 20 V, respectively. Figure 3.6a and Figure 3.6b 
show the electrical potential distribution of surface charges and  the  magnitude of 
electrical field distribution, respectively. The boundary conditions are shown in Figure 
3.5a and Figure 3.6a respectively. The detailed program scripts for the above-





R= 80 um 
H= 20 um 
L= 40 um d1= 20 um d2/2= 20 um 
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Fig. 3.5b. The distribution of the magnitude of electric field with liquid under 20V. 
 
 








R= 80 um 
H= 20 um 
d2/2= 20 um d1= 20 um L= 40 um 
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3.3 The Electrostatic Force Acting on Liquid Column 
EWOD originates from a free charge distribution at the liquid-solid interface and 
generates an electrostatic force on the tri-phase contact line on the electrodes to pull 
the liquid forward, referring to Figure 3.7. This electrostatic force is resulted from the 
accumulation of free surface charges induced by the non-uniform electrical field near 
the contact lines on the electrodes. The electrostatic force acts on the tri-phase contact 
line, normal to the liquid-vapor interface, and points away from the liquid column. 
The electrostatic force acting on the electrified liquid surface with negligibility of 
the osmotic contributions is given by, 
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Fig. 3.7. Charge distribution upon potential and electrostatic force  
pulling on the meniscus. 
 
∫ + ⋅= lslv AAel dAnTF  (3.5) 
Here, A is the interface area with the subscripts l, v and s indicating liquid, vapor and 
solid, n  denotes the unit normal vector and T is the Maxwell stress tensor, which can 





1 EEET ijjiij δε  (3.6) 
Here, δij is the Kronecker delta and i, j=x, y, z. At the surface of conductive liquid, the 
tangential electrical field vanishes and the normal component relates to the surface 
charge density as  
nEs ⋅= ερ  (3.7) 
Note that E  vanishes in bulk liquid. Using Einstein summation convention, the net 
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From Equation 3.8, a non-vanishing net electrostatic force was excited by electric field 
on the liquid surface, which is perpendicular to the surface and pointing towards vapor 
(air). Thus, it is a negative pressure contribution to the total pressure on the liquid. The 
magnitude and direction of the net force are dependent on the electric field distribution 
as a geometrical function of the liquid. 
The electrostatic field near the edge area was analyzed by Vallet et al. [218] by 
considering this edge area of liquid as an infinite planar wedge as shown in Figure 3.8. 
In Figure 3.8, ω=τ+iπ is the complex coordinates of the transformed plane, τ and υ are 
the transformed coordinates. l is the length from the apex of the wedge along the 
liquid-vapor interface (Alv) and the differential relation between l and the complex 






















πτ 1/ −= e
dddl   (3.9) 








s   (3.10) 
Here, ρ0 denotes the charge density at the liquid-solid (dielectric) interface far from the 
three-phase contact line and equals to εV/d. α relates to the contact angle θ of the 
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liquid column as α=1-θ /π. Thus, substituting Equation 3.9 and 3.10 into Equation 3.8, 
the net electrostatic force acting on the upper side of the wedge, i.e. the liquid-vapor 
interface, due to the Maxwell stress, can be obtained 

























el   (3.11) 
Let ζ=eτ-1 and substituting it into Equation 3.11, the net electrostatic force acting on 
the liquid-vapor interface and directing away from the liquid can be further developed 
as 















































  (3.12) 
Hence, the horizontal (Fex) and vertical component (Fey) can be obtained through 










VFF eleyelex ====  (3.13) 
It is found that the horizontal component Fex is independent of the contact angle 
while adjustable with applied potentials when the dielectric thickness and permittivity 
are kept constant. This force pulls the liquid meniscus forward till it is balanced with 
the surface tension force. Referring to Figure 3.9, a macroscopic balance of the 








εγγγγθγ +−=+−=  (3.14) 
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Equation 3.14 shows the consistency of this result with the Young-Lippmann 
equation. The last term (εV2/2d) of Equation 3.14 comes from the Maxwell stress. On 
the other hand, it is implicated that the vertical component Fey of the net electrostatic 
force increases with cotθ when contact angle decreases. From the mechanical 
viewpoint, this downward electrostatic force tends to resist the decreasing of contact 
angle driven by the horizontal component Fex. That is, with the reduction of contact 
angle caused by the horizontal force Fex, the vertical component Fey will becomes 
larger till it reaches a certain threshold value, at which Fey is large enough to resist the 
contact angle reduction. This could be a new explanation for the origin of contact angle 
saturation, the mechanism of which has been explored by researchers [198,206,218] in 
the past a few years. In addition, a small change of contact angle Δθ has to consume a 
considerable amount of energy which is implemented to overcome the vertical 
component of the electrostatic force. 
The horizontal component of the electrostatic force given by Equation 3.14 has 
common features with line tension effect suggested by R. Digilov (Equation 33 in 
[266]). Figure 3.9 shows the three-phase contact line equilibrium in the presence of the 












Fig. 3.9. The three phase contact line equilibrium in the presence of electric 
charges, which was presented by Digilov [266]. η is the line tension, r is the radius of 
the curvature, fslv is the electric driving force of the wetting. 
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Here, η is the line tension, r is the radius of the curvature, fslv is the electric 
driving force of the wetting. R. Digilov considered that the excess electrostatic energy 
per unit length of the three phase contact line was given by 
slvslvslvslvslvslv qnUn δϕχδϕδ ==  (3.15) 
where, nslv is the line density at the three phase contact line, Uslv is the excess 
electrostatic energy at the three phase contact line, χslv=nslvq is the line density of the 
electric charges and δϕslv is the change of the electrostatic potential on the three phase 








t δδηηδγ  (3.16) 
Where, Σjγjδtj is the Young term, η/r is the line tension contribution, ∂η/∂r defines the 
curvature dependence of the line tension and the last term is the electrostatic 
contribution due to the presence of the line charges. Substituting Eq. 3.15 into Eq. 3.16 













δηηθγγγ cos  (3.17) 
Here, δtsl is the virtual displacement of the contact line, δr/δtsl=cosβ, where β is the 
angle of inclination. For a flat substrate (this case) δr/δtsl=cosβ=1. The derivative 
δϕslv/δtsl=Eslv is the strength of the electrostatic field at the wetting line. Substituting 
these relationships in Eq. 3.17 and disregarding ∂η/∂r, one obtains Young’s equation 
in the presence of charges 
slvslvlvslsv Er
χηθγγγ −+=− cos  (3.18) 
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where fslv= χslv Eslv is the specific electric driving force of the wetting. In the absence of 
the charges on the triple line, Eq. 3.18 becomes Youngs equation with line tension 
correction 
rlvslsv
ηθγγγ +=− cos  (3.19) 
The above derivation of the electrowetting force elaborated by Digilov is 
different from that was done in this work. The line tension of Digilov was caused by 
the excess free energy at the three-phase contact line while the electrostatic 
contribution was from the presence of line charges. It separately considered the 
contribution from the electrostatic pressure. 
Based on the modified Pellat apparatus to an EWOD configuration, T. B. Jones 
[267] analyzed the electrostatic driving force acting on the liquid using different 
methods. He provided a general approach of calculating virtual displacements from 
lumped parameters in the electromechanics framework. The geometry used to calculate 








Fig. 3.10. Geometry used to calculate the force of electrical origin per unit length 
of the contact line of a conducting liquid adjacent to a coated electrode [267]. The 
dashed line defines a closed surface. Note that no precise location for the electrical 
force was specified. 
 
In T. B. Jones’s method, the system capacitance per unit length was given as 
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zc d += ε  (3.20) 
Here, kd and d are the dielectric constant and thickness of the dielectric layer, 
respectively; z is the length in z-direction, c0 is a constant. Using standard methods, the 
coenergy per unit length we’ was then given by 
( ) 2/2' layere Vzcw =  (3.21) 
and the net electrostatic driving force, also per unit length of the contact line, was 














∂=  (3.22) 
This force pulls the liquid surface from right to left as shown in Figure 3.9. This result 
is consistent with the expression of the horizontal force in Eq. 3.13. 
Figure 3.11 shows the modified Pellat apparatus to illustrate the EWOD 








Fig. 3.11. The modified Pellat apparatus illustrates the EWOD configuration [268]. D 
is the width of the gap between the two insulating layers and V is the voltage 
difference between the two electrodes, d is the thickness of the insulating layers. 
 
The droplet fluid is a conductor, the ambient fluid and the insulating layer are 
insulators with permittivity εa and εi, respectively. The two-fluid interface sustains 
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zero free charge since its normal is perpendicular to the electric field E. The free 
charge exists only at the droplet-insulator interface. For a given control volume, the 
electrostatic driving force can be calculated via 
∫∇= WdVF e ξ  (3.23) 
where W is the volumetric density of the electroquasistance energy, the integral over 
the volume, and the gradient is with respect to ξ, the displacement of the material 
[269]. Application of Eq. 3.23 to the Pellat apparatus of EWOD configuration 
indicates that there exists: (1) no EHD force in the droplet bulk; (2) an EHD force at 




























and (3) and EHD force at tri-phase contact line with a line density, denoted fEWOD-W of, 
































which is in plane with the droplet-insulator interface, perpendicular to the contact line, 
and point away from the droplet. However, in laboratory practice, d is much smaller 




2ε=  (3.26) 
The single term in Eq. 3.26 expresses what is commonly regarded in the 
literature as the complete EWOD force. The constant of denominator (8d) in the 
expressions given by J. Zeng et al. was different from the (2d) from T.B. Jones just 
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because of the different definitions for V (see Figs. 3.10 and 3.11). As a result, the 
electrostatic driving force (horizontal) obtained by T.B. Jones and J. Zeng et al. is 
identical to the result obtained in the current work within the classic electrostatic 
framework. All these three methods are equivalent. However, unlike the current work, 
none of those above-mentioned researchers gave further analysis of the vertical 
component of the electrostatic force. 
 
3.4  Liquid Column Electrohydrodymanics 
The physics of this dispensing principle is based on liquid column hydrodynamics 
described by the Navier-Stokes equation, which is derived from conservation 
principles of mass, momentum and energy. Here, the fluid is assumed to be 
incompressible and Newtonian without any external force such as gravity acting on the 
fluid. 
When an ionized liquid comes into the microchannel driven by the capillary force, 
it stops at the interface of the 1st electrode coated with hydrophobic dielectric layer. A 
meniscus is formed and the ions are considered to be uniformly distributed throughout 








Fig. 3.12. The free charges uniformly distribute in the liquid which stops at the 
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Upon applying a voltage, the free charges conduct through the liquid and 
accumulate at the interface with the ambient fluid (air) as shown in Figure 3.7. From 
the Ohmic conduction model, there is no bulk free charge in the electrified liquid. 
Figure 3.7 shows the internal fluid pressure Pm acting on the meniscus, the 
pressure from the surround medium Pa (atmosphere pressure) towards the fluid model, 
surface tension γlv and electrostatic force Fel acting on the interface between the fluid 
and air. 
The presence of the interfacial charge results in an additional interfacial stress, 
especially a tangential stress, because of the repulsive force between these charges 
which in turn will modify the fluid dynamics. Thus, surface tension is affected by this 
interfacial stress to modify the contact angle and shape, depending on the density of 
surface charge. 
Electrostatic force due to the accumulation of the charges significantly influences 
the fluid dynamics and consequently the meniscus and contact angle are affected. 
It can be concluded that both of the surface tension and electrostatic force are 
affected by the surface charge density of these accumulated charges. 
A mechanical equilibrium can be obtained at the interface of liquid and 
surrounding medium (air) so that a force balance can be derived from two symmetrical 




⎛ +−=Δ=− 11cosPPP lvam θγ ⎠⎝ 21 RR  (3.27) 
where R1 and R2 are the principle radii of the meniscus. Eq. 3.27 is the Laplace 
equation stating that ΔP is a constant pressure difference across the liquid-air interface 
and independent of the position on the interface.  
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Assuming the substrate is homogeneous, it means that  the liquid meniscus shapes  a 
spherical cap in mechanical equilibrium. Thus, Eq. 3.27 can be simplified to (R1 = R2 = 
R = H/(2cosθ))  
HR
P lvlv θγθγ
2cos4cos2 −=−=Δ  (3.28) 
where, H is the channel height. Equation 3.28 shows the mechanical equilibrium built 
across the liquid-air interface, which is caused by the change of contact angle upon 
applying voltage. 
The characteristic contact angle change of the liquid upon applying voltage can 
be described by Lippmann-Young equation. However, it can not be applied to all 
system to obey the quadratic reduction of surface tension under applied electric field. 
B. Jonocha et al. demonstrated that both of decane droplets surrounded by water and 
placed on a polytetrafluoroethylene (PTFE) and a perfluoroalkoxy (PFA) thin film 
respectively presented an antisymmetric parabolic response with respect to applied 
voltage [206]. The plotted experiment data exhibited a linearity over than a parabolic 
curve. It indicated the Lippmann-Young equation was too simplified with negligibility 
of many factors which may affect the functional dependence of contact angle change in 
certain aspect. Here, we only consider the combined contributions from the materials 
properties of substrate and liquid itself, which determines the exact functional 
dependence on applied voltage. Thus, the functional dependence can be considered as 
a constitutive equation specific to the contributions from material properties of 
substrate and fluid involved: 
,...],,,,[cos asl RdVf γεθ =   (3.29) 
here, Ra is the surface roughness of substrate and f is less than 1. 
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A mathematical equation model for capillary driven flow of Newtonian fluid 
which comes into the microchannel and stops at the 1st hydrophobic dielectric layer is 
considered to analyze the fluid velocity profile. From the force balance across the 
liquid-air interface in Eq. 3.28, we can analyze the liquid column velocity profile and 
predict the meniscus velocity by solving Navier-Stokes equation with the proper 
boundary conditions. This simplified model is presented in order to provide a 
theoretical approach to fluid flow driven by electrowetting and demonstrate the 
fundamental hydrodynamic forces involved. 
Figure 3.12 presents the sketch of the cross section of microchannel with the 
employed coordinate system. The parallel plates with channel height H and width W 
are brought into contact with liquid and placed horizontally. Taking the fluid as 
Newtonian, incompressible, fully developed, laminar and homogeneous, we use 
Cartesian coordinates x, y and z with origin on the bottom plane at the entrance of the 
microchannel. The balance between surface tension, hydrostatic pressure and viscous 
friction (gravity is negligible) generates a net force to drive the liquid move along the 
channel. The liquid motion is governed by time-dependent Navier-Stokes equation, 




ν rrrr 21 ∇+∇−=∇⋅+∂
∂ P
t
 (3.30)  
and the continuity equation 
0=⋅∇ νr  (3.31) 
here in, v (x, t) and P(x, t) are the velocity and pressure fields, respectively. ∇P is the 
pressure gradient between the liquid meniscus front and the entrance, which is the 













PP ,  (3.32) 
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To further simplify the model, we also reasonably assume that the flow is only in one 
dimension (i.e., towards the activated electrodes along x axis) because the electrodes in 
this device is configured and fabricated on top and bottom of microchannel, which are 
along the path of liquid movement. Since the effect of the gravitational force is 
negligible and there is no other y-directional forces acting on the fluid, thus, the 
pressure gradient is assumed to be zero along the y-axis, i.e. ∂P/∂y = 0. Therefore, the 













PP lv  (3.33) 
where , L(t) corresponds to the liquid column length measured from the entrance of the 
channel to the liquid meniscus front while L0 is the constant distance between the fluid 
entrance and the left edge of the base of spherical cap shaped by liquid meniscus. As 
the surrounding medium is air, γlv is simply γl, the surface tension of liquid which can 
be commonly tabulated in handbooks. 
For a micro-scale fluid flow, the laminar flow assumption can be employed. 
Combining this assumption for a fully developed flow, we can simplify Eq. 3.30 by 
assuming that the velocity component of the fluid flow is uniaxial, i.e. vx = vx(y, t). As 
a result of these assumptions, the convective acceleration term in Eq. 3.30 vanishes, i.e. 
(ν⋅∇)ν = 0.  
In addition, since the y-component of the fluid velocity is zero, i.e. vy = 0, and vx does 
not depend on x-component for a fully developed flow, the vr2∇  term becomes: 
 
 

























































Consequently, we can compute the internal velocity profile and estimate the 
liquid column velocity by solving Equation 3.29-3.34 subject to the appropriate 
boundary conditions. Because the transient length L(t) is a global or marcoscopic 
quantity, averaging the Navier-Stokes equation across the liquid column is sufficient to 
account for the liquid meniscus contact line velocity. Thus, substituting Eq. 3.33 and 
Eq. 3.34 into the Navier-Stokes equation (Eq. 3.30) and integrating it over the 




















































   (3.35) 
where W is the channel width in the z direction. Based on the study of Huang, etc. 
[272], the velocity profile is parabolic Poiseuillean at a distance far enough away from 
the meniscus. Together with the assumption of small Reynolds’ numbers on the order 
of less than 10, a typical parabolic profile of laminar flow for vx between parallel plates 












yvv avgx  (3.36) 
Furthermore, as the fluid moving distance L has length orders of magnitude greater 
than the channel height H, i.e. L>>H, we postulate that the fluids far away from the 
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meniscus moves like stacked rigid laminae whose velocity depends on the y-position 










∂= )()(0  (3.37) 
i.e., the average flow velocity equals to the variation rate (expansion and contraction) 
of the meniscus radius. We can arrive at the differential equation by substituting 














































































































μ  (3.39) 



















tRd  (3.40) 
The initial conditions are  
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Let ψ=
dt





2 )( , thus Equation 3.40 can be replaced by 
021 =++ ccdt
d ψψ  ⇒ 
)( 21 ccdt
d +−= ψψ   (3.41) 
Then, integrating Equation 3.41, we can obtain the result as  
∫ ∫−=+ dtcc d 21ψ
















2 =+−+−= ηψ  (3.42) 























ctR   (3.43) 
Apply the initial conditions, R(0)= θcos2




















































Substituting Equation 3.44 into Equation 3.43, we obtain R(t), the transient radius of 

































From Equation 3.45, the average velocity vavg can be derived by substituting constants 





















γ   (3.46) 



















γ   (3.47) 
 
Figure 3.13 shows the simulated x-directional velocity profile of the liquid 
column predicted by our hydrodynamic model given by Equation 3.47. The initial 
velocity increases sharply because the internal pressure gradient builds up upon 
applying voltage. Then, this pressure increase is counteracted by fluid viscous force, 
which gradually becomes significant at longer time scales. Thus, liquid velocity 
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Fig. 3.13. Plot of the simulated x-directional velocity of the liquid column as a 
function of time. 
 
However, the plotted velocity profile only includes the fact that the liquid column 
passes through the potentially activated electrode pad and it could reach the maximum 
predicted velocity before it go through the right edge of the pad. In the proposed 
design, the liquid column will have cleared the length of activated electrode (10 μm) 
and the gap of neighboring hydrophobic pads (10 μm) and stopped at the adjacent 
hydrophobic pad. Once the liquid meniscus passes through the potentially activated 
pad, the electrowetting-induced pressure gradient suddenly vanishes. This causes the 
liquid column to decelerate immediately in the presence of viscous force until it stops  
at the adjacent hydrophobic pad which is not potentially activated. A new mechanical 
equilibrium is built up to balance the internal pressure of liquid column and surface 
tension.  
Figure 3.14 and Figure 3.15 show the simulated radius of liquid meniscus and the 
time-averaged flow rate  of the liquid column as a function of time predicted by 
Equation 3.45 and 3.46 respectively. Assuming the initial contact angle is 
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approximately 105°, the radius of liquid meniscus increases from 40 μm to 40.6 μm in 
less than 0.1 ms. It means the radius rises only about 1.5%. The simulated time-
averaged flow rate shown in Fig. 3.15 increases sharply and converges with longer 
time scales, the tendency of which is consistent with the simulated x-directional 
velocity of the liquid column. 




Fig. 3.15. Plot of the simulated time-averaged flow rate of the liquid column as a 
function of time. 
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Figure 3.16 shows the time-averaged flow rate of the liquid column as a function 
of applied voltage predicted by Equation 3.47. The simulated flow rates are symmetric 
with respect to both positive and negative voltages. The flow rate simply rises as a 
function of voltage and reaches approximately 0.24 μl/min at ± 50 V. However, the 
flow rate initially begins at a relatively low value and increases monotonically and 
slowly till about 20 V, reaching almost 24 nl/min. 
 
Fig. 3.16. Plot of the simulated time-averaged flow rate of the liquid column as a 
function of applied voltage. 
 
The time-averaged x-directional velocity of liquid column as a function of the 
dependence factor f is plotted in Figure 3.17. Among all the parameters in f, only 
voltage is adjustable while the others (dielectric constant, dielectric thickness, surface 
tension of liquid- vapor, surface roughness, etc.) remain constant. Thus, the time-
averaged x-directional velocity can be considered as a function of applied voltage in 
the plot of Figure 3.17. The tendency of the time-averaged x-directional velocity as a 
function of applied voltage is almost identical to that of the flow rate, shown in Figure 
3.16 and 3.17. Since the electrostatic force is a function of applied voltage (Eq. 3.13), 
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which is only manipulatable among the parameters of the dependence factor f, the plot 
in Figure 3.17 demonstrates the average flow rate as a function of the electrostatic 
force. Hence, the effect of the electrostatic force on the velocity and flow rate of the 
liquid column is depicted based on the investigations of their functions of the 
dependence facto f, i.e., the cosine function of contact angle. 
 
Fig. 3.17. Plot of the time-averaged x-directional velocity of liquid column as a 
function of the dependence factor f. 
 
The simulation results of the time-averaged flow rate as a function of applied 
voltage based on our model will be compared with experimental measurements in 
Chapter 5. 
 
3.5  Proof-of-concept EWOD Device 
A proof-of-concept device was fabricated with relative large feature sizes, see Figure 
3.18. Chrome and gold electrodes were deposited and patterned on silicon chip. The 
electrodes were then electrically connected to a power supply. Cytop™ fluoropolymer, 
acting as the hydrophobic dielectric layer was manually coated with brush 
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(approximately 5um thick) to cover the electrodes. A double-sided tape was used in 
order to bond the glass chip and the silicon chip together, and to form a capillary 
channel (200 μm width and 50 μm height). At the bottom of channel, the Cytop™ 
coated electrodes were exposed to air. Figure 3.18 shows a series of snapshots taken 
when the device was delivering water.  
Firstly, water column rapidly propagated with low contact angle from the left 
(entrance) into the channel due to capillary effect (Figure 3.18a). It stopped at the 
hydrophobic dielectric area (marked red) and the contact angle became higher (Figure 
3.18b). Once applying voltage of 30 V, the meniscus slightly changed (Figure 3.18c) 
and the liquid column started propagating again to pass through the channel with low 
















(c)        (d) 
Fig. 3.18. The snapshots of dispensing sequences of proof-of-concept device. 
Propagating liquid column: 
meniscus with low contact angle 
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In this prototype, the response time of the water column to achieve a change of 
contact angle in initializing a propagation was in the order of several seconds due to a 
relative thick dielectric layer. A relatively low voltage (above 30 V) was required to 
initiate the actuation. A further miniaturized device is capable to dispense nano liter 
volume at a low voltage and low power consumption. 
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Based on the preliminary tests on the dependence of contact angle on various dielectric 
materials and the proof-of-concept prototype discussed in the previous two chapters, a 
miniaturized device based on EWOD principle was fabricated using microfabrication 
technologies involving silicon, glass and polymer materials. The detailed fabrication 
process of each essential part of the device and the assembly process are described in 
the following sections of this chapter. 
 
4.1  Bottom Plate Fabrication 
4-inch bare silicon (100) wafers were cleaned by following the standard cleaning 
process. The process flow is shown in Appendix B1. A thin layer of silicon dioxide 
was thermally grown on these silicon wafers and its thickness was controlled at around 
500nm. 
Then, the silicon wafers were immediately spin-coated with the photoresist of 
Shipley SPR220-3.5, which was a multi-wavelength compatible photoresist to cover a 
wide range of film thickness (1-10 μm) with good uniformity. The thickness was 
measured to be 3.5 μm at 2500 rpm. Then, the wafers were soft-baked at 115°C for 90 
s on a contact hotplate. Before photolithography process, the wafers were immersed
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 into Shipley’s Microposit® MF CD-26 developer for 10 s to harden the photoresist 
surface. It greatly improved the lift-off process to achieve almost vertical side wall 
with under cut. Then, the wafers were cleaned with running DI water and blown dry 
with nitrogen. 
The UV-exposure was carried out using a Karl Suss MA6 mask aligner. The 
exposure time was set at 22.5 s with a constant intensity of 11.5 mW/cm2 (365nm). 
After that, post-exposure bake was carried out at 115°C for 90 s on a contact hotplate 
followed by developing for 60 s in the developer of MF CD-26. At this moment, the 
window for electrode deposition was open while the other area was still covered by 
photoresist as shown in Appendix B1(a). Subsequently, the chrome (Cr) / gold (Au) 
(100 å / 2500 å) was sputter-deposited and patterned by lift –off process as shown in 
Appendix B 1(b) and (c) respectively. So far, the electrode pads were formed on the 
silicon wafers together with alignment marks. 
Cytop (CTL-809A) was spin-coated on the silicon wafers at 3000 rpm for 40 s 
with a ramp rate of 500 rpm. CTL-809A has a good adhesion to silicon without using 
any adhesion promoter. Then, it was cured preferably at a temperature of 180°C for 10 
min on a contact hotplate followed by spin-coating of a layer of thick photoresist of 
AZ4620. Its thickness was measured at about 700 nm at 5000 rpm. Then the wafers 
were soft-baked at 90°C for 1 min on a hotplate followed by exposure for 4.5 s at 11.5 
mW/cm2. After that, the photoresist was post-based at 100°C for 1 min and developed 
in AZ developer for 50 s. Hard baking was implemented at 120°C for 1 min. Thus, the 
window was open for removal of the residual Cytop as shown in Appendix B 1(d). 
Subsequently, oxygen plasma was used to etch the residual Cytop while Cytop 
dielectric layer was protected by AZ4620 photoresist as a masking layer. The residual  
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Cytop was completely etched away in 90 s with a power of 150 mW and an oxygen 
flow of 20 sccm. Then, the photoresist was stripped and wafers were cleaned with DI 
water and blown dry as shown in Appendix B1(e). Figure 4.1 shows the SEM picture 
of Cytop-coated electrodes. 
 
Bared electrode 










Fig. 4.1 SEM photo of Cytop-coated electrodes. 
Nano™ SU-8 2050 negative photoresist (Micro Chem) diluted with 
cyclopentanone (C5H8O, Sigma Aldrich) was spin-coated on to the wafers at 3000rpm 
and soft baked by  two steps (65°C for 3 min followed by 95°C for 6 min) to achieve a 
measured thickness of 20.2 μm. Then it was exposed (365nm) for 50 s and post-baked 
also at two steps (65°C for 1 min followed by 95°C for 1 min) to minimized the stress 
resulted from readily cross-link. Rapid cooling after post baking should be avoided. 
After that, it was developed by SU-8 developer for about 4 min followed by rinsing 
with IPA. Finally, the microchannel (100 μm wide and 20.2 μm high) was formed by 
SU-8, on bottom of which the Cytop dielectrics and electrodes were exposed to air as 
shown in Appendix B1(f). 
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4.2  Top Plate Fabrication 
4-inch Pyrex® glass wafers were cleaned using the standard process which is identical 
to the process for silicon, which is described in previous section. The process of metal 
electrodes using chrome and gold is the same as it of silicon. The process flow is 
shown in Appendix B2. Cr / Au (100 å / 2500 å) were deposited by sputtering and 
patterned by lift-off process followed by spin coating of Cytop™ as shown in Appendix 
B2(a)-(c). Indium-tin-oxide (ITO) was used later on order to facilitate viewing. 
Photoresist AZ4620 was spin-coated on top of Cytop™ and patterned as a masking 
layer as shown in Appendix B2(d). Oxygen plasmas etching was utilized to remove the 
residual Cytop™ with the same parameters for silicon wafers, shown in Appendix 
B2(e). Thus, a dielectric layer of Cytop™ was made on top of the electrodes. 
 
4.3  Device Bonding  
Two through holes of a diameter of 2 mm were manually drilled with the diamond drill 
on glass plate for fluid connection. Then, both the top and bottom plate were cleaned 
respectively for the bonding process. As shown in Figure 5.2, the bottom plate was 
placed on a heater with a center hole connected to a vacuum pump to supply vacuum 
pressure. The top plate with patterned structures facing downward was held by vacuum 
pressure, applied by a vacuum pump. The vertical and horizontal displacement of this 
























Fig. 4.2. Experimental set-up for device bonding. 
 
A microscope was used to observe the alignment marks of the top and bottom 
plate, through the transparent top plate. The position of the top plate was adjusted by a 
xyz transportation stage while the bottom plate could be rotated by a rotation stage. 
The top plate was moved down and stayed at about 0.2-0.3 mm on top of the bottom 
plate. Then, the positions of both plates were adjusted to align properly. Subsequently, 
the top plate was moved down till it touched the bottom plate. After that,  the top plate 
was continuously tuned a little bit further down to apply a pressure acting on the 
bottom plate. The heater was heated up to 150°C and after about 30 min the device 
was uniformly bonded. 
Then, the bonded device was attached to a PCB chip by epoxy and the electrode 
pads of the device were electrically connected to the PCB by wire bonding. Finally, 
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electrical wires were manually soldered to connect with the PCB. The completed 














Fig. 4.3. The completed hydrophobicity-controlled microfluidic dispenser. 
 
4.4  PDMS Bonding Technology 
4.4.1 Introduction 
In recent years, many more scientific and industrial attentions have been paid to the 
polymer-based microfluidic systems and devices which become increasingly important 
in environmental monitoring, diagnostic and biological applications [273-6]. The 
miniaturized polymer-based systems and devices provide a powerful and 
multifunctional platform for biological assays because of many advantages over the 
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traditional systems based on semiconductor materials [277-8]. The criteria which 
should be taken into account to design these devices and systems includes the material 
property and cost, fabrication expense and chemical and biological compatibility. 
Thus, to meet these requirements, the conventional semiconductor materials, like 
silicon and glass, are not as competitive as polymer substrate in fluid handling 
applications. 
However, one of the key steps in developing the functional polymer-based 
systems and devices is bonding of the polymer substrates. For practical concern, it 
requires a reliable and reproducible bonding process which does not change the 
components properties and performance. In addition, the deformation and distortion of 
the micron and nanometer sized structures between the substrates must be tolerable 
after the bonding process. Unfortunately, the existing polymer-to-polymer substrates 
bonding methods including ultrasonic, thermal, gluing by epoxy, are not precise 
enough and induce much geometrical deformation of the structures. Therefore, 
temperature control and material properties are very critical to the success of bonding 
process. 
Polydimethylsiloxane (PDMS), an elastomeric polymer, has become very 
popular as one of the structure materials in fabrication of MEMS/microfluidic devices 
because of its significant material properties [279-82]. It is transparent to offer optical 
alignment for the multi-layer device fabrication. It is also biocompatible and relatively 
inert. Furthermore, the fabrication processes, like micro-molding processes are simple 
and fast and the cost is low. So far, the techniques for bonding PDMS to polished 
silicon and glass wafers have been reported by many researchers [273, 275, 283-5]. 
However, there is no published paper or patent about the PDMS bonding with 
unpolished silicon. PDMS can be a potential material to replace the glass as the top 
104 
Chapter 4   Device Realization 
substrate for the microfluidic dispenser presented in this study. It needs to be bonded 
with unpolished Si or glass, which is cheaper than polished Si or glass for mass 
production.  
4.4.2 Bonding Procedure 
We are going to develop a bonding technology using oxygen plasma treatment for 
PDMS surface activation, which can be used to bond PDMS with glass, polished or 
unpolished silicon surface and PDMS itself. The bonding strength, anti-leakage 
performance and surface property should be acceptable for the biochip from an 
industrial company for the biomedical applications. 
The bonding process started with the preparation of PDMS substrates. A curing 
agent and PDMS prepolymer were mixed at the ratio of 1:10 by weight. Then, the 
prepolymer mixture was degassed in a 30Hgmm vacuum oven for 1 hour to remove air 
bubbles to obtain a completely mixing of the two parts. The aluminum master was 
uniformly coated with a thin layer of polymer in order to reduce the adhesion between 
the master and the cured PDMS. Then the mixed PDMS was poured into the aluminum 
master and cured for 4 hours at 80°C on a hotplate. After curing, the thin PDMS 
replicas were peeled off from the master. The glass, polished and unpolished silicon 
and PDMS layers were diced in the same size of the PDMS replicas (25mm x 25mm). 
Oxygen plasma treatment for PDMS surface activation was carried out using a 
parallel-plate reactor reactive ion etching (RIE) system (Oxford RIE system) with 
sample located on the water-cooled cathodes. The glass, polished and unpolished 
silicon and PDMS layers were also cleaned by oxygen plasma. A special fixture was 
fabricated to protect the cavity area of PDMS replicas from the plasma etching during 
the process. Within 5 min after RIE process, the plasma-treated samples were 
immediately aligned under a microscope and the activated surfaces were bonded 
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together applying certain pressure and heat uniformly in a vacuum oven. The bonded 












          (a)PDMS –to-unpolished Si                         (b)PDMS–to-glass (Pyrex) with Au  











(c) PDMS–to-glass (lasfn9) with Au electrodes              (d) PDMS-to-PDMS 
          (a microchannel formed in PDMS) 
 
Fig. 4.4. PDMS bonding with several different substrates. 
 
 
4.4.3 Testing Results 
Tensile Strength Test 
The tensile strength test was performed by using Instron tensile strength machine. The 
test set up is shown in Figure 4.5. 
Araldite glue was used to attach the top and bottom surfaces of the samples to the 
substrate holders. It was about 2.24 MPa between glass and PDMS as shown in Figure 
4.6. For silicon-PDMS sample, as the surface property of PDMS was highly 
hydrophobic, either super glue or Araldite® epoxy was not able to attach PDMS to the 
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substrate holder firmly. Therefore, when the pulling force applied, the interface 
between the holder and the PDMS surface peeled off at the strength of 0.288MPa 
shown in Figure 4.7 before obtaining the bonding strength of polished/unpolished 











































Fig. 4.6 The bonding strength of glass-PDMS. 
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Fig. 4.7. The interface between the glue and the holder peeled off before obtaining the 
















The most common concern about the performance of microfluidic system is the 
leakage problem. Many existing polymer-to-polymer substrate bonding methods such 
as gluing by epoxy will induce the unevenness and leakage along bond interface of the 
device.  Thus, leakage testing was carried out for evaluate this bonding technique. The 
testing setup and schematics are shown in Figure 4.9(a) and (b) respectively. 
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Fig. 4.9. The leakage testing setup, (a) the components; (b) the schematics. 
A syringe pump was used to generate the flow pressure. It was connected 
through T connector to the pressure sensor (SM5612, Silicon Microstructures Inc., 
CA) and the flow channel to form a closed system. The flow channel was made 
through the PDMS layer till the silicon/glass surface. The pressure sensor was 
calibrated before the testing to convert the voltage readings to the pressure (Psi). It was 
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observed that there is no leakage between the interfaces when the pressure was 
measured to reach about 70 Psi. 
4.4.4 Conclusions 
A low temperature bonding technique for bonding PDMS with glass, polished or 
unpolished glass, and PDMS itself has been successfully developed to achieve reliable 
bonding strength, precise control of surface property of bonding interfacial layer. A 
biochip from an industrial company was successfully fabricated by this technique. The 
bonding technique, using cured PDMS which surface was activated by oxygen plasma, 
shows a low temperature (<120°C) and bonding strength of 2.24MPa in glass-to-
PDMS interface and well above 0.288MPa in PDMS-to-unpolished Si interface. The 
substrates were bonded to achieve precise-control of surface property to be compatible 
with biofluids and without any global geometrical deformation. The substrates were 
tested with tensile strength and leakage test. Results of the tensile strength test showed 
that the bonding quality was satisfactory for the biomedical applications. No leakage 
was observed under the pressure of 70 Psi in a closed microfluidic system. We have 
demonstrated an effective and low temperature bonding technique to bond PDMS to 
glass, polished or unpolished silicon and PDMS itself.  
A US patent application titled “Bonding of polymer to silicon, glass, another 
Polymer or other Materials” (inventors: Saman Dharmatilleke, Liu Hong) was file on 






TESTING AND DISCUSSIONS 
 
 
A hydrophobicity-controlled microfluidic dispenser with an inbuilt metering feature 
was microfabricated as described in the previous chapter. This chapter presents the 
following experimental study to characterize dynamics of the functional device. We 
firstly describe the experimental setup and techniques for determining the liquid 
velocity. This is followed by discussions on some significant issues on the difficulties 
and limitations encountered during the experiments, and how these issues influence the 
obtained experimental results. Finally, the experimental results are presented to 
illustrate the behaviour of liquid hydrodynamic. 
 
5.1 Experimental Methods 
5.1.1 Experimental Setup 
The experimental setup used for testing the electrowetting based microfluidic 
dispenser is shown in Figure 5.1. Firstly, the device was mounted onto the glass stage 
of a zoom stereo microscope (Olympus SZ1145TRF) by polyimide tapes. Then the 
electrolyte (pure water) was typically dispensed onto the inlet of the chip to serve as a 
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 liquid reservoir using a micropipette after positioning the chip. The positive terminal 
of a dual-channel DC power supply which is able to output a 60-V was connected to 
the electrical wire which was in contact with the Cytop-coated electrode while the 











Fig. 5.1. The photograph of the experimental setup. 
 
Experiment was videorecorded through an Olympus microscope and a 3 CCD 
color video camera (Sony 390P) into a VHS videocassette by a JVC video cassette 
recorder for further analysis. Later, the video was converted into a movie file 
compatible with Microsoft Media Player and the image or frame could be captured by 
Microsoft Windows Movie Maker in a 2.80 GHz Pentium 4 desktop computer. A TV 
was connected to the CCD camera to synchronically display the experimental video of 












Fig. 5.2. Diagram of the experimental setup. 
 
Before starting the experiment, it is predictable that the maximum liquid velocity 
depends on the following experimental or operational factors: the rise time of applied 
potential, the switching time to apply potential.  The output voltage rise time was 
measured to be approximately less than 10 μs over the range of 0-60 V. In this 
investigation, we manually applied voltage between the bare and Cytop-coated 
electrodes. Improvement can be made in the future to automate this process by using 
electronic circuit and control algorithm of a multiplexer. Once the liquid column 
passed the first Cytop-coated electrode and stopped by the 2nd Cytop-coated electrode, 
the electrical wires have to be switched to connect the neighbouring electrical pads to 
provide the voltage potential to actuate the  sequential fluid motion. This switching 
time was estimated to be about 0.1-0.2 s. To initiate a propagation of the fluid to pass 
through the first Cytop-coated electrode, the voltage was slowly increased from 0 V at 
a step size of 2.5 V till the propagation was observable. Subsequently, the actuation 
potential was applied in the following actuations. This approach was helpful to prevent 
the dielectric breakdown and minimize the power consumption. The manual switching 
time could be minimized to the range of micro seconds using a multiplexer controlled 
by an algorithm embedded in a computer. 
TV / VCR PC 
Microscope /CCD Camera 
DC Power Supply 
Stage 
Tested Chip 
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5.1.2 Liquid Velocity Measurement 
One of the fundamental specifications of interest to design and operate the 
microfluidic device is the maximum flow rate at which an amount of fluid volume is 
generated at a unit time. The characterization of this maximum flow rate was an 
essential objective in this study of the device.  
Video Frame Analysis Approach  
Liquid column movement along the microchannel was video recorded, which 
could be used to determine the liquid velocity with a moderate accuracy. The video 
frames were captured at a speed of 30 frames/s. Additionally, the distance between the 
initial and end position of the leading edge of the moving liquid column could be 
calculated through the scale with respect to the magnification of the microscope. 
Hence, the liquid column velocity could be obtained by counting the video frames 
between the initial and end position of the leading edge of the liquid column. Due to 
the limited accuracy in the positioning of the leading edge of liquid column, this 
approach was suitable for measurement of relatively low liquid velocities. 
Fluid Volume Measurement Approach 
The fluid velocity can be obtained indirectly by measuring the delivered fluid 
volume at a unit time, which is very commonly used for microfluidic device testing. 
The outlet of the device was connected through small tubing to a container placed in a 
weighing balance. By calculating the time interval between the first and last liquid 
droplet dropped into the container and the mass difference, an average volume flow 
rate with a unit of micro/nanoliters could be obtained in consideration of the 
evaporation rate of liquid. The liquid moving velocity could be obtained if we further 
divided the volume flow rate by the cross section area of the microchannel. This 
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method is applicable for relative high velocities with a relative high accuracy when 
liquid evaporate rate is negligible. 
In-built Digital Metering Approach 
This device has an innovative feature of in-built digital metering over the other 
reported micropumps and actuators to precisely determine the liquid column volume. 
The number of Cytop-coated electrodes spaced by a constant pitch, which the liquid 
column passes through, is always controllable by a multiplexer which applies the 
potential to the electrodes. Therefore this device does not require an additional flow 
sensor for metering the liquid flow. 
5.2 Liquid Transport Testing 
The device was fabricated according to the fabrication process flow illustrated in 
Chapter 4. Figure 5.3 shows the main functional area of the completed device 












Fig. 5.3 The main functional area of the completed device 
 inspected under microscope. 
 
The fluid path in this device consists of the following elements of different 
surface wetting characteristics, as schematically shown in Figure 5.4: 
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Fig. 5.4 The wetting characteristics along the fluid path  
(the side wall is hydrophobic and not shown above). 
 
 • Top glass: hydrophilic 
 • Bottom silicon dioxide: hydrophilic 
 • Bare Au electrode (top and bottom): hydrophilic 
 • In-between electrode (top and bottom): hydrophilic 
 • Cytop-coated electrode (top and bottom): hydrophobic 
• Side wall of microchannel (SU-8): hydrophobic (not shown in Figure 5.4) 
Figure 5.5 shows the sequential images of the introduction, actuation and 
propagation of water column. Initially, water droplet was dispensed onto the entrance 
of the microchannel and subsequently propagated into the channel driven by capillary 
force. In the images, the propagating direction of water is from left to right. The 
electrodes in the order of odd numbers (the 1st electrode is in left hand side) were 
coated with Cytop™ while the even-numbered electrodes were bare. It was observed 
that the fluid propagated into the channel by capillary force (as shown in Figure 5.5(a)) 
till the liquid meniscus stopped with three-phase contact line at the 1st electrode and 
the leading edge of meniscus at the 2nd electrode as shown in Figure 5.5(b). 
 





































Fig. 5.5 The detailed motion of the EWOD actuated liquid column. 
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The displacement of the leading edge of meniscus along the fluid path was focused to 
analyze the fluid velocity as its behaviour was much more easily observable than that 
of three-phase contact line under this experimental condition. Then, we applied the 
potential voltage from 0 V with an interval of 2.5 V. When the potential voltage 
reached 20 V, EWOD effect was actuated and the liquid meniscus started propagating 
as shown in Figure 5.5(c) and stopped at the 4th electrode(as shown in Figure 5.5(d)). 
Upon applying the potential again,  the liquid meniscus continued to propagate to clear 
the electrode gap as shown in Figure 5.5(e-g) till it stopped at the 8th electrode as 
shown in Figure 5.5(h). The experiments were implemented under the applied voltages 
from 20 V to 50 V at an interval of 5 V using the fabricated device. The liquid 
displacement images were video recorded at an interval of 30 frames per second in all 
experiments at room temperature. 
Figure 5.6 shows the plot of both simulated (the solid line) and measured (the 
dashed line) time-averaged flow rate of liquid column as a function of applied voltage. 
The average flow rate is computed by calculating the time it takes for the liquid 
meniscus clear the length of the activated electrode pad and then averaging the fluid 
volume over that period. The agreement of our model with the experimental data is 
examined by the standard deviation, which is a measure of the spread of their values 









21σ  (5.1) 
Here, σsd is the standard deviation, si is the shortest distance between any experimental 
point and the simulated model while s  is the mean of summation of si. Hence, we 
obtain that the standard deviation σ is as small as about 0.009083 μl/min. It shows that 
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our model agrees well with our experimental results in both positive- and negative-
voltage regime. 
 
Fig. 5.6. Plot of the time-averaged flow rate of liquid column as a function of applied 
voltages. The experimental measurements are indicated by (o) and drawn by dashed 
line. The simulated results using our model are drawn by solid line. 
 
It is also worth noting that the liquid column did not experimentally propagate 
with the applied voltage less than 20 V. It can be explained that the energy is 
consumed to overcome the fluid resistance. A minimum average flow rate (at 20 V) 
was measured approximately at 18 nl/min while its maximum value (at 50 V) was 
about 225 nl/min. It was also observed that the liquid column completely filled the 
channel during propagation and removed any particles inside the channel during the 
propagation. 
Although no leftovers and visible alternations were observed on the surface of 
actuated Cytop™ after liquid pass through, separate research will be carried out for 
further investigation and characterization of surface properties of the dielectric. It is 
very helpful to study the reliability and stability of the dielectric to optimize the device 
design toward commercialization. 
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To analyze the accuracy of the volumetric dispensing rate, we firstly obtain the volume 
flow rate by 
t
LHWQ ⋅⋅=  (5.2) 
Here, Q is the volume flow rate, W is the width and H is the height of the channel, 
respectively. L is the displacement of the meniscus during the time interval t.  
Then, we can obtain the logarithm of both sides of the equation by 
tLHWQ logloglogloglog −++=  (5.3) 
Differentiating and obtaining the absolute value of each term in the equation, we can 
get the accuracy of the volume dispensing rate by 















where, dQ/Q denotes the relative accuracy of the volumetric dispensing rate, dW/W 
and dH/H denote the relative accuracy of the channel width and depth, respectively, 
dL/L denotes the relative accuracy of the displacement of the meniscus, dt/t represents 
the relative accuracy of the time interval. dW/W and dH/H are normally determined by 
the photolithography process parameters such as spin coating speed, exposure  power 
and time and photoresist develop time. Both of them can be controlled around ± 
0.5%∼± 1% using the equipment and the recipes provided by Institute of Materials 
Research hand Engineering. dL/L was dependent on the accuracy of the image analysis 
software. Generally, high accuracy can be obtained when the picture of meniscus 
motion is taken under high magnification of the microscope. As the pictures in the 
experiment were taken under low magnification of 5 and 10, the accuracy offered by 
the image analysis software was about ± 5% based on the specification of the software. 
dt/t was dependent on the accuracy of the camera recording the video frames at the 
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speed of 30 frames/s. The accuracy is less than ± 0.1% according to the specification 











dQ  (5.5) 
Thus, the accuracy of the volume dispensation of this dispenser is about ± 7.1% at 20 
V.  
 
5.3  Power Dissipation Analysis 
Power dissipation is an essential performance indicator for microfluidic devices and 
integrated systems. The sensitivity of 1°C or even less for temperature control in some 
biological applications may be compulsory.  In other less sensitive microfluidic 
applications, thermal dissipation or heat gradient will determine the system or device 
operational limit. To analyze the power dissipation of our device, we assumed that the 
liquid was actuated and driven by electrostatic force on the dielectric surface. The 
liquid driven by capillary force in between the electrodes was ignored. It is assumed 
that the initial water volume is 1 μl actuated and driven under 20 V. Figure 5.7 shows 
the equivalent electrical circuit of the simplified model system in which the liquid is 







Fig. 5.7 The equivalent electric circuit of the system model. 
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When the liquid fully covers the charged electrode, the capacitance (Csl) between 
the liquid and the charge electrode is approximated to 20 pF, calculated by Verheijen 
et al. [286]. The other resistances in series with the liquid-solid capacitor consists of 
the resistance Rel caused by the electrical wire connection (50 Ω), resistance of water 
Rwater (1 MΩ) and resistance of gold pad RAu (10 Ω) as shown in Figure 5.7. 






dqtI )()()( +==   (5.6) 
Here, q is the electrical charges, C(t) and V(t) is the time-varying capacitance and 
voltage respectively, and t is the time.  The instantaneous power delivered to time-
varying capacitance can be obtained by neglecting the voltage time-dependence which 
is very small: 
∫ ⋅=⋅= tCVCdtVP 2020  (5.7) 
Here P is the instantaneous power, V0 is the applied voltage (20 V) and Ct is the 
instantaneous capacitance (20 pF). Thus, for the model described above the average 
power dissipation with a moving period of 1 s is approximately 8 mW and the 
corresponding energy consumption is about 8 μJ. 
In addition, the electrical power is also dissipated inside the liquid to overcome 
the fluid resistance for liquid motion. The total energy dissipated resistively in the 





CVP 20=   (5.8) 
Here Rtotal is the total series resistance and Pres is the electrical power dissipated 
resistively in the model. In this case, as the total resistance almost equals to the water 
resistance, the total energy is approximately 8 μJ and the average electrical power 
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dissipation inside the liquid is 8 mW due to the high resistance of water. We assume 
that all the dissipated energy inside the liquid is completely converted into heat and 
there is no heat transfer between the liquid and the environment because the time 
interval (less than nano second) is too small for heat transfer in practice. 
 
5.4  Experimental Limitations 
5.4.1 Liquid Evaporation at Microscale 
All the above-mentioned approaches to measure the liquid column velocity are 
influenced by evaporation of liquid (pure water) in air in terms of accuracy, precise 
control and liquid volume maintenance. Moreover, evaporation of liquid varies ion 
concentration in the liquid due to the escape of liquid (pure water) molecules, which 
accounts for slight modifications of certain properties such as surface tension / energy 
as well. This effect is much greater at microscale than at macroscale. Therefore, the 
issue of liquid evaporation of microfluidics was preliminarily studied to evaluate its 
importance and to determine an optimized time scale for conducting experiments and 
operating devices. 
A simple experiment was performed using pure water under room temperature of 
20°C and humidity of 40 %. Water droplets were manually dispensed by a micro 
pipette onto a Cytop™ surface and the inlet of the microchannel of a fabricated device 
then driven into the channel by capillary force respectively. Both testing samples were 
exposed to evaporate in air. Subsequently, the water volume as a function of time was 
investigated. A weighting balance (Mettler Toledo TA261) with a readability of 0.01 
mg working together with a data acquisition system in a connect PC was used to 
collect the data of weight loss instead of volume loss of water droplets. Microdroplets 
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of water with initial volumes of various nominal values of 1.0 μl, 3.0 μl, 5.0 μl, and 
10.0 μl were tested under both exposed and unexposed conditions mentioned above. 
The smallest and largest nominal volume represent the typical volumes for device 
pumping experiment while the medium volumes stand for the typical volumes for 
contact angle measurement. Note that there is an inaccuracy of ± 2.5-12 % in the sub-
microliter with the micro pipette (Eppendorf Reference®) to manually dispense 
droplets according to its technical specifications. The water droplet volume normalized 
with respect to the initial measurement, as a function of time is plotted in Figure 5.8. A 
maximum suitable or applicable experimental period should be approximated when the 
































































Fig. 5.8 Evaporation as a function of time for water droplet of 1.0, 3.0, 5.0 and 10.0 μl 
placed on Cytop™ surface in air and fabricated microchannel, respectively. 
 
When exposed to open air, the smallest 1.0 μl water droplets sharply evaporate 
10 % of their volume within 3 minutes while the largest 10 μl water droplets lose 10 % 
of their volume within 10 minutes. The typical sizes of water droplets 3μl and 5μl for 
contact angle measurement experiment lose their 10 % volume within 4-5 minutes. 
Based on this, the time duration for a single contact angle measurement experiment 
described in Chapter 2 was controlled within 1-2 minutes. 
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On the other hand, when these water droplets are dispensed into the fabricated 
microchannel, their evaporation rates are significantly reduced. To compare it by 
evaporating 10 % of volume, it takes about 10, 12, 15 and 20 minutes for 1, 3, 5 and 10 
μl water droplets, respectively. It indicates that the device performance has a poor 
dependence on evaporation. Therefore, proper design and methods should be 
implemented to minimize the evaporation effect in microfluidic systems and devices. 
However, evaporation effect makes it difficult to achieve precise control of liquid 
volume at micro- or even submicro-meter scale. 
 
5.4.2 Dielectric Degradation 
The stability and reliability of dielectric (Cytop™) raised another experimental 
concern during the course of experiment. The degradation of dielectric was sometimes 
observable to produce surface tension variations across the interface solid-liquid in the 
microchannel. Figure 5.9 shows the detailed images of sequential receding procedure 
of water column, which was resulted from Cytop™ dielectric degradation. 
It was found that the liquid column sometimes tended to recede several tens 
seconds to minutes after breaking the apply of potential. The leading edge of water 
column stopped at the 11th electrode under an applied voltage of 20 V as shown in 
Figure 5.9(a). Having removed the voltage apply for several tens seconds to minutes, 
the liquid column started continuously receding as shown in Figure 5.9(b) and (c) until 
a new equilibrium balance reached and it stopped again. Visibly, the leading edge of 


































   (c)       (d) 
 
Fig. 5.9 The dielectric degradation effect to make the liquid column receding. 
 
Manipulation of the dielectric thickness, ion concentration of water, magnitude 
time of applied voltage has no observable impact on changing the geometrical location 
or magnitude of this dielectric degradation effect. It clearly indicates that this effect is 
due to the electrical insulation or dielectric degradation. We were not able to further 
distinguish the physics of the degradation phenomenon whether it originated from 
trapped charges or modification of chemical property of Cytop™ surface, which was 
beyond the project scope. As mentioned in Section 5.2, the actuated Cytop™ surface 
property should be further characterized, which can be helpful for understanding and 
explaining the degradation effect. 
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5.4.3 Curve Shape of Meniscus 
Firstly, during the course of experiment, the liquid meniscus was observed to 
have a curve shape upon potential actuation of the dielectric layer. This phenomenon 
was resulted from the capillary force at the side wall of the channel, the material of 
which was SU 8 photoresist. Referring to Figure 5.5, the liquid column stops at the 
hydrophobic coated electrodes locating on the top and bottom of the channel. 
However, the side wall material was directly in contact with the liquid all along the 
channel. Once the meniscus was electrically activated to propagate, the capillary force 
from the side wall will force the meniscus to form a curve shape, the curvature of 
which was dependent on the magnitude of the capillary force.  
To incorporate this side wall effect into the develop model (Equation 3.34 and 3.35), a 
functional dependence factor f (Equation 3.17) was introduced into the mathematic 
model derived from the Navier-Stokes equation and Young-Lippmann equation. 
However, the Young-Lippmann equation was over simplified so that many factors 
such as surface roughness etc., which may affect the functional dependence of contact 
angle change in some aspects, was assumed negligible. In this case, the side wall effect 
from the SU 8 photoresist, surface roughness of the channel together with other 
materials properties of substrate and liquid itself were considered as a combined 
contribution to determine the exact functional dependence of contact angle on applied 
potential. Hence, this side wall effect on the curve-shape of the liquid meniscus could 
be reflected from this functional dependence factor f.  Based on the experimental 
results of the flow rate (in volume), a standard deviation of less than 10 nl/min was 
obtained, which was acceptable for this device. Away from the side wall, it can be seen 
from Figure. 5.5 that the meniscus is straight as we would expect. 
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The above comments apply to a well-fabricated device where the thickness of the 
Cytop layer was large enough to achieve hydrophobicity. For Figure 5.9, it was 
observed that at locations far away from the wall, the meniscus not straight as it should 
be. The reason for this could be the cytop layer was too thin. In the plasma etching 
process, the residual Cytop was supposed to be removed by oxygen plasma (RIE) 
followed by photoresist striping to form the patterned Cytop layer. The desirable 
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(a)        (b) 
Fig. 5.10. The patterning process of Cytop layer. (a) the desirable thickness of 
Cytop is about 700 nm after plasma etching of residual Cytop and photoresist stripping; 
(b) Due to the adhesion problem of photoresist (AZ4620) with Cytop, the masking 
layer of AZ4620 peeled off  causing the overetch of Cytop layer during the plasma 
etching process. 
 
However, due to the hydrophobic surface of Cytop, the adhesion between the 
photoresist AZ4620 and Cytop was not very stable and the photoresist could peel off 
during the plasma etching process, as shown in Figure 5.10(b). The thickness of the 
overetched Cytop in several fabricated chips was measured at only 30∼60 nm using 
profilemeter.  
To clarify this issue, a new device was fabricated to study the thickness effect of 
dielectric (Cytop) on the curve shape of the liquid meniscus.  Referring to the 
fabrication process in Appendix B, after process B1(e), REI process was used again to 
etch the Cytop layer to obtain a thickness in the range of 30∼60 nm. The thickness 
range was confirmed by measurement using a profilemeter. Then the fabricated device 
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was tested under the same conditions mentioned in Section 5.2. Figure 5.11 shows 
snap shots of the motion of the meniscus in the newly fabricated device, in which the 
















(c)      (d) 
Fig. 5.11. The snap shots of the liquid motion (from left to right) using the newly 
fabricated device for verification of the curve shape of the meniscus. The channel 
width is 100 µm. The electrodes in the order of odd numbers (the 1st electrode is in left 
hand side) were coated with Cytop™ while the even-numbered electrodes were bare. 
 
As can be seen from Figure 5.11, the liquid propagated into the channel and 
stopped at the 1st electrode, which was coated by Cytop. A curve shape of the liquid 
meniscus was observed, as shown in Figure 5.11(a). After electrical actuation, the 
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liquid propagated again and stopped at the 3rd electrode (coated by Cytop) as shown in 
Figure 5.11(b). Figures 5.11(c) and (d) show the liquid stopping at the 7th and 9th 
electrode coated by Cytop, respectively. A curve shape of the meniscus was observed 
during the experiment. 
From this experiment, it is verified that the curve shape of liquid meniscus was 
due to the small thickness (30 – 60 nm) of the Cytop layer in the devices fabricated 
using the old process. As the thickness (30 ∼60 nm) was much smaller than the desired 
thickness (700 nm), the Cytop-coated electrode was not able to eliminate the curve 
shape of the liquid meniscus. To eliminate the problem, the time for hard baking of 
photoresist was increased from 10 minutes to about 30 minutes.  
 
5.5 Competitiveness 
Based on the testing results illustrated above, the specifications and features of this 
innovatively developed microfluidic dispenser are compared with the well-recognized 
electrowetting-on-dielectric based actuator and micropump developed by Prof. C.-J. 
Kim’s Micromanufacturing Lab at UCLA and Prof. R. B. Fair’ Digital Microfluidics 
research group at Duke University, as listed in Table 5.1. This table is useful to assess 
the performance of this device since all that required to convert the dispenser into a 
pump is to connect it to a source of air pressure.  
The employment of liquid metal (mercury) by the EWOD actuated micropump 
developed by C.-J. Kim etc. [194] inherently exposes severe problems for fabrication 
process and application due to its material toxicity. Although it can be operated at the 
lowest voltage, a slightly higher voltage will induce a severe damage to the device 
causing electrolysis and liquid metal split. It is very difficult to control the applied 
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voltage. Hence, the development of this micropump is still at lab stage and far from 
commercialization.  
Table 5.1 The Comparisons between the presented dispensing device and 
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20 hrs or 
2x106 cycles 
at 2.3 V and 
25 Hz 
• Low power consumption 
and low voltage 
• Continuous liquid flow 
• Fabrication complexity 
and materials toxicity for 
commercialization. 
• Higher voltage (2.3-3 V) 
causes performance degradation , 


















• Manipulation of aqueous droplets 
ranging from nanoliters  to 
microliters in volume. 
• Instability due to higher  voltage 
onthe liquid-oil film,  which leads to 
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• In-built metering feature 
• Continuous liquid / droplets 
manipulation in nano/pico/femto 
liter range. 
• Dielectric degradation observable. 
• Low power consumption and low 
voltage 




The EWOD-based actuator for digital microfluidic application developed by R. 
B. Fair etc. [139,231] is only able to manipulate liquid droplets surrounded by silicone 
oil instead of continuous liquids. This device employs Parylene C as the primary 
dielectric and a thin layer of Teflon® AF 1600 to provide an adequately-hydrophobic 
surface. The device performance greatly depends on this combination of the 
dielectrics, which require moderate or very high driving voltage (15-150V) and limit 
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the working cycles (105) and exhibit instability due to adsorption of protein by Teflon 
under high voltage.  
The microfluidic dispenser in this project utilizing Cytop™ as dielectric has an 
in-built metering feature to manipulate continuous liquids in air. EWOD manipulation 
of liquids in air is more challenging than in silicon oil environment. The lower angle 
and higher contact angle hysteresis in air make the manipulation more difficult than in 
an immiscible liquid [232]. Hence, it will be more useful to operate EWOD in air in 
terms of liquid manipulation and suitability for any biomedical applications. Our 
device is operable under low voltage (20 V) and low power dissipation (8 mW) to 
generate nano or even pico liter range of fluid volume, which only depends on the 
lithography technology. Although dielectric degradation is observable, the desirable 
stability and reliability for commercialized products can be achieved by several 
methods, such as precise control of applied voltage, employment of a separate 
hydrophobic layer while Cytop as the primary dielectric etc.. In combination with a 
pneumatic pump, the liquid volume can be manipulated / controlled precisely in the 




CONCLUSIONS AND FUTURE WORKS 
 
 
A self-priming and hydrophobicity controlled microfluidic dispenser having in-built 
metering feature for dispensing varying liquid column based on EWOD was developed 
in this dissertation. A PCT patent application with respect to this technology was filed 
and published on November 2, 2006 with an international publication no. WO 
2006/115464 A1. This chapter concludes the project studies on the aspects of literature 
reviews, dielectric materials experimental study, device design and theoretical and 
numerical study, and testing results. 
 
6.1  Conclusions 
 Surface tension is a dominant force over than other forces for liquid handling and 
actuation in microscale. The literature review on the development of the micropump 
technology clearly show the limitations of traditional micropumps, which are difficult 
to be implemented in the remote environmental monitoring systems, implantable 
medical devices and chemical analysis system, where low power consumption and low 
driving force are critical issues. Furthermore, very few microfluidic intellectual 
properties so far relates to any of the commercially-available products. Therefore, this 
project has been motivated to study the dispensing behavior of a hydrophobicity
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 controlled microfluidic dispenser, in which the liquid volume can be manipulated by 
EWOD. This microfluidic dispenser with an in-built metering feature can be integrated 
into a lab-on-a-chip performing specific chemical analysis, clinical diagnostic and 
environmental morning 
The performance of the electrowetting-on-dielectric (EWOD) device depends 
heavily on the dielectric or the insulation layer properties rather than that of fluid or 
electrode. Theoretically, there are no dielectric materials which exhibit both high 
dielectric strength and high dielectric constant, and compromise is needed  to meet the 
practical requirements. The dielectric breakdown analysis demonstrates that 35° of 
contact angle variation of Cytop™ can be achieved at as low as 65 V to actuate 
EWOD, which is the most competitive among the dielectrics reported and employed in 
EWOD. Good reversibility of Cytop™ based on the contact angle measurement results 
indicates that EWOD performance can be greatly improved by incorporating this 
material in the device. The results of contact angle measurement are in good agreement 
with the theoretical prediction by Young-Lippmann equation and the results from other 
researchers. 
The conceptual design and working principle of this microfluidic dispenser are 
demonstrated and successfully verified by a proof-of-concept device. The conceptual 
design is totally new in the micro/nano fluidic device design and application. 
Additionally, the low power consumption and low voltage make it very attractive for 
applications which require an ultra miniature metering microfluidic device. 
The governing equation with respect to the redistribution of surface charge 
density is presented to demonstrate the hydrodynamics of liquid-solid interfacial 
tension. Upon applying the voltage potentials, a free charge distribution is built-up at 
the liquid-solid interface to generate an electrostatic force acting on the tri-phase 
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contact lines to pull the liquid column forward. The interfacial charge density accounts 
for the generation of non-uniform electric field and potential distribution. The surface 
charge and electric field distribution are obtained through the finite-element 
simulation, by solving the corresponding partial differential equations using FlexPDE. 
Consequently, the electrostatic force resulted from the redistribution of free 
surface charges induced by the non-uniform electrical field is modeled to show its 
dependence of the magnitude and direction on the electric field distribution as a 
geometrical function of the liquid. It can be decomposed into a horizontal component 
and a vertical component. The horizontal electrostatic force is independent of contact 
angle while the vertical component increases reversely with contact angle. It 
potentially provides a new contribution to explain contact angle saturation 
phenomenon. The obtained expression of horizontal force is identical to the results 
achieved by other researchers using different methods. 
Based on the above analysis, a new hydrodynamic mathematical model of the 
time-averaged liquid column velocity governed by the Navier-Stokes equation is 
developed to compute the velocity profile. The average flow rate and principle radius 
of liquid meniscus as a function of time are predicted respectively. The electrostatic 
force, which affects the dependence factor f (cosθ), is considered as a function of the 
average flow rate. Finally, we present the numerical and analytical solutions to 
demonstrate the physics of EWOD. 
The proposed hydrophobicity-controlled microfluidic dispenser was fabricated 
using MEMS microfabrication technology and tested to evaluate its feasibility and 
applicability for the implementation of environmental monitoring and biomedical 
systems. Based on the video frame analysis, the experimental data of a standard 
deviation of less than 0.01 μl/min agrees well with our model of the simulated time-
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averaged flow rate. The fluid flow can be electrically actuated to propagate at a flow 
rate of 18 nl/min under a voltage of as low as 20 V. The proper device design 
significantly reduces the evaporation effect. The controlled hydrophobicity actuation 
fully utilizes the surface tension as the driving force in the micro/nano/pico scale. This 
microfluidic device does not require a dedicated actuator for dispensing. Furthermore, 
it has an inbuilt metering feature which can be used to delivering a measured volume 
of liquid in the range of a few milliliters to a few picoliters. 
Although dielectric degradation effect was observed after removing the applied 
voltage, the device performs well under driving voltage and no leftovers were found on 
top of dielectric layer. It is convincing that the stability and reliability of this device are 
absolutely better than that of reported EWOD device. By comparisons with other well-
known developed and patented EWOD based micropumps and actuators, the presented 
microfluidic dispenser has great significances and potentials in terms of applications. 
 
6.2  Future Works 
Overlooking the future works of this project, there are many challenging issues and 
directions ahead for further development of this technology. The physics behind 
electrowetting and electrowetting-on-dielectric (EWOD) and wetting kinetics are the 
most stringent job for fundamental study. Particularly, it requires further investigation 
on the instabilities of wetting line and contact angle saturation effect under high 
electric field. It also needs more elaborative theoretical illustration of the 
electrohydrodynamics of the three-phase contact line to clarify the EWOD origination, 
which will enable the development of tangible and valuable model for liquid transport. 
Nevertheless, the liquid behaviours under electrical field should be further studied to 
provide more methods for manipulation and build wider range of applications.  
137 
Chapter 6   Conclusions and Future Works 
Materials issues, particularly the dielectrics, become another focused and 
interesting topic of future research. The dielectric layer should be able to accommodate 
a high-performance EWOD device with insulating, electrowetting, liquid compatibility 
and stability simultaneously. This issue is still being investigated by EWOD 
researchers. We explored the feasibility of using a metal oxynitride thin film as 
dielectric material. However, its hydrophobicity was not adequately satisfactory. The 
degradation of Cytop™ may induce a severe problem, which limits the reliability of 
the device performance. Approaches should be explored to minimize its magnitude of 
effect through further characterization to understand its physics. An additional 
hydrophobic layer on top of Cytop™ could be a potential solution to this problem.  
Future work at the device level should be focused on structural optimization and 
characterization of operations. The devices with other featured dimensions should be 
tested to obtain the optimized parameters for device design and operation at low 
driving voltage and power consumption. On the other hand, physical integration of a 
EWOD system with a multiplexer controlled by an embedded algorithm will offer a 
better way to achieve precise and fast control for next-generation system.  
Biocompatibility testing using biological or physiological fluids is another key 
issue in ensuring its transportability for biomedical applications. These biological 
fluids contain proteins which tend to adsorb by any surface in contact. For instance, the 
adsorption of protein to Cytop™ should be investigated and characterized to establish 
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FlexPDE 5 Programming Scripts 
 
 
1. The distribution of electric field and electric potential in the absence of liquid 
 
{Electric field simulation.} 
  






 um = 1e-6  {unit micron} 
 d1 = 20 * um  {electrode width} 
 d2 = 40 * um  {interelectrode width} 
 L = 2 * d1  {free length} 
 h = 20 * um  {channel depth} 
 Uo = 20  {electrical potential, V} 
  
 eps0 = 8.854e-12 {free space permittivity, Farad/m2} 
 epsr 
 eps = epsr * eps0 
  
 E = grad(U)  {electric field} 
 magE = magnitude(E) 
 Ex = dx(U) Ey = dy(U) 
  
EQUATIONS 
   div(eps*(-grad(U))) = 0{Laplace equation} 
  
BOUNDARIES 
  REGION "air"  epsr = 1 
     start(0,-h/2) 
     value(U) = 0 line to (d1,-h/2) 
 natural(U) = 0 line to (d1+d2/2, -h/2) 
 natural(U) = 0 line to (d1+d2/2, h/2) 
 natural(U) = 0  line to (d1, h/2) 
 value(U) = 0 line to (0, h/2) 
 natural(U) = 0 line to (-L, h/2) 
 value(U) = Uo line to (-L, -h/2) 





Appendix A   FlexPDE 5 Programming Scripts 
 
 contour(U) as "Electrical potential" 
 vector(E) as "Electrical field" 
 contour(magE) painted as "Magnitude of electric field" 
 contour(Ex) painted 







2. The distribution of electric field and electric potential in the presence of liquid 
 
{ Electric field simulation.} 
  






 um = 1e-6  {unit micron} 
 d1 = 20 * um  {electrode width} 
 d2 = 40 * um  {interelectrode width} 
 L = 2 * d1  {free length} 
 h = 20 * um  {channel depth} 
 Uo = 20  {electrical potential, V} 
  
 eps0 = 8.854e-12 {free space permittivity, Farad/m2} 
 epsr   {dielectric constant} 
 eps = epsr * eps0 {permittivity} 
 epsr_air = 1  {permittivity for air} 
 epsr_liquid = 80.1 {permittivity for liquid} 
  
 E = grad(U)  {electric field} 
 magE = magnitude(E) 
 Ex = dx(U) Ey = dy(U) 
  
EQUATIONS 
   div(eps*(-grad(U))) = 0{Laplace equation} 
  
BOUNDARIES 
  REGION "air" epsr = epsr_air 
     start(0,-h/2) 
     value(U) = 0 line to (d1,-h/2) 
 natural(U) = 0 line to (d1+d2/2, -h/2) 
 nobc(U)  line to (d1+d2/2, h/2) 
 natural(U) = 0  line to (d1, h/2) 
 value(U) = 0  line to (0, h/2) 
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 natural(U) = 0 line to (-L, h/2) 
 value(U) = Uo line to (-L, -h/2) 
 natural(U) = 0 line to close 
  
 REGION "liquid" epsr = epsr_liquid 
 start(0, -h/2)  
 line to (-L, -h/2) 
 line to (-L, h/2) 
 line to (0, h/2) 




 contour(U) as "Electrical potential" 
 vector(E) as "Electrical field" 
 contour(magE) painted as "Magnitude of electric field" 
 contour(Ex) painted 







3. The distribution of electric field and electric potential of surface charges 
 
{ Electric field simulation.} 
  
TITLE 'Electric field'     { the problem identification } 
COORDINATES cartesian2 
VARIABLES 
 U   {electrical potential} 
 rho   {free surface charge} 
  
DEFINITIONS 
 ms = 1e-11  {milisecond} 
 um = 1e-6  {unit micron} 
 d1 = 20 * um  {electrode width} 
 d2 = 40 * um  {interelectrode width} 
 L = 2 * d1  {free length} 
 h = 20 * um  {channel depth} 
 Uo = 20  {electrical potential, V} 
  
 eps0 = 8.854e-12 {free space permittivity, Farad/m} 
 epsr   {dielectric constant} 
 eps = epsr * eps0 {permittivity} 
 epsr_air = 1  {permittivity for air} 
 epsr_liquid = 80.1 {permittivity for liquid} 
  
 cond   {conductivity} 
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 cond_air = 20e-15 {conductivity of air, S/m} 
 cond_liquid = 5e-4 {conductivity of liquid, S/m} 
  
 E = grad(U)  {electric field} 
 magE = magnitude(E) 
  
EQUATIONS 
U: div(cond*(-grad(U))) = -dt(rho) {conservation of charge} 
rho:   div(eps*(-grad(U))) = rho {Gauss law} 
  
BOUNDARIES 
  REGION "air" epsr = epsr_air cond = cond_air 
     start(0,-h/2) 
     value(U) = 0 line to (d1,-h/2) 
 natural(U) = 0 line to (d1+d2/2, -h/2) 
 nobc(U)  line to (d1+d2/2, h/2) 
 natural(U) = 0  line to (d1, h/2) 
 value(U) = 0  line to (0, h/2) 
 natural(U) = 0 line to (-L, h/2) 
 value(U) = Uo line to (-L, -h/2) 
 natural(U) = 0 line to close 
  
 REGION "liquid" epsr = epsr_liquid cond = cond_liquid 
 start "path" (0, -h/2)   
 line to (-L, -h/2) 
 line to (-L, h/2) 
 line to (0, h/2) 
 arc (radius = -2*L ) to close 
  
TIME 0 TO 1*ms BY 0.1*ms 
  
PLOTS 
 FOR t = 0, 0.2*ms, 0.4*ms, 0.6*ms, 0.8*ms, 1*ms 
 contour(U) as "Electrical potential" 
 vector(E) as "Electrical field" 
 contour(magE) painted as "Magnitude of electric field" 
 vector(rho) painted 







Fabrication Flow Process 
1.  Bottom Plate (Silicon) Fabrication 
 
 Photoresist Si SU-8SiO2 
 



































(f) SU-8 photoresist coating and patterning to form microchannel
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(e) Plasma etching and photoresis stripping to form pattern dielectric layer 
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